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ABSTRACT
Few studies have assessed spatial and seasonal variation in diet and trophic
position of fishes within large lakes. Two areas of north-eastern Lake Ontario - the Bay
of Quinte and the Kingston Basin - provide contrasts in temperature, nutrients and depth
while supporting similar littoral fish communities and therefore provide an excellent
system to address this information gap. In Chapter 2, diet and trophic position of the
Round Goby (Neogobius melanostomus) varied seasonally and spatially between these
two habitats. Stable isotopes indicated that stomach contents over-estimated the
contribution of mollusc-prey to the diet of Round Goby and under-estimated the
contribution of soft-bodied prey. In Chapter 3,1 investigated differences in food web
structure in these two habitats, and observed a general increase in trophic positions in the
Kingston Basin. Diet as revealed by stomach contents and stable isotopes, and relative
contribution of terrestrial versus pelagic primary production to fish production differed
between locations. Accounting for spatial, temporal and ontogenetic aspects of fish diet
and food web structure can lead to a better understanding and management of ecosystem
based differences within and among large lake ecosystems.
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INTRODUCTION

"There is obviously more to living communities than the raw dictum, 'eat or be eaten', but in
order to understand the higher intricacies of any ecological system, it is most easy to start from
this crudely simple point of view" - Homage to Santa Rosalia, G.E. Hutchinson (1959).

A major determinant of diversity patterns among food webs and ecological communities
are trophic interactions (Warren 1994; Tilman 1994). Trophic interactions and food web
structure are important considerations for quantifying the natural variability, and conversely, the
stability of natural communities (Pimm and Redfearn 1988). Recent environmental stressors such
as pollution, habitat degradation, and invasive species have led to shifts in community
biodiversity and changes in overall food web structure. Aquatic invasive species (AIS) have been
shown to be a particularly strong stressor, by imposing changes in native community
composition by effects on other species through predation and competition.
The Great Lakes comprise the largest body of freshwater lakes in the world, supporting a
diversity of aquatic taxa and providing multiple renewable resources for humans in the
associated basin (Smith and Tibbies 1979). Within the Great Lakes, at least 186 aquatic invasive
species have entered through ballast water transfer or other human-mediated pathways, and now
pose a serious threat to aquatic ecosystem structure and health (Maclsaac 2000; Ricciardi 2006).
Despite the presence of multiple habitat types, each with their own unique characteristics such as
temperature, nutrients and depth, as well as heterogeneity in species composition within lake
ecosystems (Giller et al. 2004), few studies have sought to explain spatial and temporal variation
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in food web interactions or the diet and trophic role of an invasive species in multiple near-shore
areas of a single large lake.
The objectives of my research were two-fold: 1) to quantify the trophic position and diet
of an invasive fish species, the Round Goby (Neogobius melanostomus), from two different
habitats and across three seasons in Lake Ontario; and 2) to quantify the differences in food web
structure between these same two habitats in Lake Ontario. Since Round Goby are found
throughout the Great Lakes and associated watershed, their influence must be considered at
relevant spatial, seasonal, ontogenetic, and entire food web scales. Stomach contents and stable
isotopes were used in this study, to provide short and long-term information on the diet and
interactions among species within a food web.
Where stomach contents are often regarded as snapshots of diet, stable isotopes provide
information over longer time scales. Together, these tools enable us to gain insight into how an
invasive species' impacts may differ across regions of a single lake, and how variation in
predator and prey diet or trophic position at various ecological scales may mediate changes in
overall food web structure.

Food Web Ecology
Food web structure and interactions are a central theme in ecology (Leibold et al. 1997;
Giller et al. 2004). Food web ecology began theoretically with Elton (1927), as he emphasized
the importance of quantifying species interactions. His work led to empirical community studies
and the description of energy flow, feeding preferences and interactions among species within a
community (Paine 1988). An ecological community is defined as interacting [fish] populations
partitioning biotic and abiotic resources within a shared space (Evans et al. 1987). Species
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interactions are illustrated as food web models for community-wide pattern interpretations
(MacArthur 1955). Community food webs account for the presence and absence of prey and
predators, as well as linkages between them, representing their interaction (Cohen and Briand
1984).
Energy transfer between species is described by grouping species into discrete trophic
levels, representing similar guilds, or organisms exhibiting similar feeding behaviours. The
designation of species into primary producer, herbivore, and secondary consumer levels is a
common way to illustrate energy flow and species interactions (Lindeman 1942). Such coarse
aggregations were thought to be an over-simplification of natural biodiversity patterns and
structure (Polis and Strong 1996), and an explicit accounting for factors affecting structure was
required to produce more realistic representations. Many studies have simplified food webs,
leading to an emphasis on the most important or apparent interactions. Food web descriptions
also involve accounting for how both biotic and abiotic factors regulate food webs, with
interactions such as competition and predation having major roles in structuring ecological
communities (MacArthur 1972; Paine 1980; Holt 1984).
Competition among species can be exploitative, where two species exist, and one is
simply better at acquiring resources than the other. Interference competition involves active
resource acquisition by one species, preventing resource use by the other, and has negative health
and fitness consequences for the less successful competitor (Tilman 1982). For example, zebra
mussel (Dreissena polymorpha) and quagga mussel (Dreissena bugensis) introduction in
freshwater ecosystems has interfered with the filter feeding abilities of native unionid mussels,
thus leading to extirpation of native mussels in many aquatic habitats (Schloesser et al. 1998;
Maclsaac 2000). Hutchinson (1961), in his study of plankton communities, wondered why so
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many species were able to co-exist within a lake, without one species becoming competitively
dominant. Resource partitioning, and greater competition between members of the same species
(intra-specific competition) explained the large species diversity in lakes, enabling many
plankton species to co-exist. In his study of warbler species, Mac Arthur (1972) documented
resource partitioning, a consequence of competition for resources. By occupying different
heights in trees, birds were able to coexist by partitioning multiple shared resources.
The coexistence of multiple fish species within a lake may depend on variation in
predator avoidance strategies, and resource partitioning through spatial and temporal variation in
habitat use. Perhaps predation, more so than competition, has a stronger role in determining the
structure of communities (Holt 1984). Predators alter competition regimes and regulate prey
abundance (Chase et al. 2002). The influence of predation on ecological community structure
was emphasized in early studies by Paine (1966) studying rocky intertidal communities.
Removal of a predator starfish {Pisaster ochraceus) resulted in a competitive species dominating
the community, and led to a subsequent decline in prey species diversity. This study showed that
the keystone predatory starfish had a regulating influence on the community by maintaining the
competitively dominant species at an abundance that promoted ecosystem balance and prevented
competitive exclusion.
Many top predators have a dominant presence in local food webs throughout their life
histories through competition at smaller sizes (Olson 1996), and by affecting recruitment of
young fish at larger sizes (Tonn et al. 1992). In lake ecosystems, removal of a top predator
typically has cascading effects throughout the food web. Planktivorous fishes, released from
predation pressure increase in number and consume more zooplankton, leading to an increase in
primary production (Kaufman 1992). Large fish predators have the ability to migrate large
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distances and integrate lake habitats, which may have consequences for population and food web
dynamics (Post 2000). The regulating influences of predation and competition are highly reliant
on resource availability, with factors such as differences in prey abundance and individual size
regulating the influence of these interactions.

Ontogenetic Shifts in Diet
The influence of predation or competition on community structure is largely dictated by
the life stages present within the ecosystem, the abundance of which can fluctuate throughout the
life cycle of an organism. For some species of fish, there is often a shift in diet with ontogeny, or
with increasing age or body size. This implies that as fish species grow many undergo a shift in
diet from consuming planktonic organisms or small invertebrates, to a diet comprising larger
invertebrates or fish (Post et al. 2000; Parkos and Wahl 2010). This means that some fish species
can serve as both prey and predator within their life span. The possibility also exists, that at a
small size, fish species may undergo competition with their potential prey (Olson et al. 1995;
Olson 1996). The size at which a species undergoes this shift depends on environmental
conditions, predation risks, competition and prey availability, having consequences for
individual growth rates and over-winter survival (Keast and Eadie 1985; Olson 1996; Mittlebach
and Persson 1998).
There may also be individual variation in the timing of ontogenetic shifts, regulated by
intra-population variation, termed trophic ontogeny (Post 2003). The presence of ontogenetic
shifts and the variation in the timing of ontogenetic shifts can influence predation and
competition regimes (Post 2003). Shifts in diet and habitat use with changes in body size, can
have significant influences on interactions and food web structure (Werner and Gilliam 1984;

5

Mittelbach 1986, Olson 1996; Mittelbach and Persson 1998; Post 2000; Post 2003). Clearly, it is
important to consider fish size in any study of diet or trophic relationships.

Food Web Stability
Recent changes in species diversity resulting from environmental disturbances, and
species invasions can have unique consequences for food web structure and overall ecosystem
health as they influence resource availability, predation and competition regimes. The stability of
communities was thought to be dependent on the number and strength of interactions, and that
stable or invariable food webs are more resistant to stressors (May 1973). Some researchers have
argued that communities become less stable and that connectance between links declines with
increasing species composition as interaction strengths between species is reduced (May 1973;
Warren 1990). Other studies have supported positive stability-diversity relationships in
ecological communities (Elton 1958; Tilman 1994, 1996). There is still great interest in
understanding and accounting for factors influencing diversity and stability patterns, therefore, it
is something that needs to be considered in all food web accounts (Haddad et al. 2011).
Food web stability, or resistance to changes in food web structure is supported by studies
that regarded food webs as "scale-invariant"; that food webs and ratios of top, intermediate, and
basal species were constant despite large variations of species richness among observed
environments (Pimm et al. 1991). The debate is also supported by others that have emphasized
that patterns of food web structure and interactions are indeed scale-dependent (Cohen and Stone
1987; Martinez and Lawton 1995; Leibold et al. 2004). Despite the recognition of variability
among ecosystems, many food web descriptions are still based on time-sensitive and spatially-
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explicit estimates, leading to mis-interpretations of the importance of interactions (Paine 1980;
Martinez et al. 1999).
Although it has been regarded as a challenge for ecology, an issue remains determining
the appropriate scales to quantify the inherent variability or conversely, the stability present
within and among communities (May 1973; Lawton 1988). Multiple sources of variability must
be considered in descriptions of food web structure, as interactions may differ across space and
time (Warren 1989; Murchie and Power 2004).

Spatial and Temporal Variability in Food Web Structure
Spatial and temporal factors among and within ecosystems can account for a large
amount of variability in food web dynamics (Warren 1989; Tonn et al. 1992; Zohary et al. 1994;
Winemiller et al. 2001; Leibold et al. 2004). Spatial variation in species composition and
interactions within a single lake habitat (i.e., littoral, pelagic, profundal) can have important
implications for overall food web structure (Warren 1989). Spatial variability in diet within a
heterogeneous habitat has been shown to occur within non-motile individuals, reflecting factors
such as variation in prey abundances at the local habitat scale (McKinney et al. 1999). Within a
single lake, mobile predators may make connections at spatial and temporal scales, which may
serve to link meta-populations, and thus increase food web stability (Polis and Strong 1996;
Huxel and McCann 1998; Post et al. 2000; McCann et al. 2005). Seasonal variability in diet or
species composition within a habitat can reflect characteristics of species' life histories (Werner
and Gilliam 1984; Warren 1989), therefore, we must consider that measures of biodiversity,
community structure, or species' diets may vary considerably across spatial and temporal scales.
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Gaining an understanding of habitat use by fish species will lead to a better understanding
of how these factors operate at different spatial and temporal scales, and will improve our
understanding of food web structure. How habitat characteristics such as temperature, depth and
nutrient status affect food web structure can be understood by accounting for spatial and
temporal components of habitat complexity and species interactions. To date, few studies have
sought to understand how factors such as temperature, nutrients and depth influence differences
in overall food web structure and fish diet (Huxel 1999; Sierszen et al. 2006; Mclntyre et al.
2006; Zambrano et al. 2010).
For example, diet has been shown to vary with predator size, but is also largely
dependent on foraging depth (Harvey and Kitchell 2000; Barton et al. 2005; Sierszen et al.
2006). Nutrients can affect the growth rate of consumers and species interactions (Huxel 1999).
Differences in habitat nutrient status have affected different contributions to the diet, with
benthic sources of production becoming more important to fish diets in low nutrient habitats
(Mclntyre et al. 2006). Temperature governs physiological rates of fishes, can affect feeding
activity and foraging location (Petchey et al. 1999; Brown et al. 2004), thus having an important
role in species interactions and the formation of food web structure.
Fisheries management has combined knowledge of community ecology and factors
affecting food web structure to understand health-related changes in fish populations, diet and
food web structure at various ecological scales. The recognition that scale is an important
consideration for any assessment of fish communities has lead to more robust studies that
explore factors responsible for condition, diet, and food web differences. Traditional fisheries
assessments along with the development of new informative tools to measure biodiversity, food
web dynamics, and diet can help to calibrate against future environmental changes.
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Aquatic invasive species
Aquatic ecosystems are globally undergoing dramatic changes due, in large part, to
climatic changes and invasive species impacts, the combination of which can mediate changes in
food web structure, species diversity and population dynamics of biota within ecosystems
(Simon and Townsend 2003; Britton et al. 2010). The integration of invasive species into
established food webs relies on broad physiological and physical adaptations for resource
exploitation, survival and reproductive success of the invasive species in the new environment
(Ricciardi and Maclsaac 2000; Corkum et al. 2004). Where establishment is successful, aquatic
invaders have been the cause of many economic and ecological problems (Pimentel et al. 2005).
The Nile perch (Lates niloticus) within Lake Victoria is a classic example of how an introduced
species originally designed to stimulate the recreational fishery resulted in catastrophic declines
in native species abundance. Its introduction resulted in the decimation of native cichlid
(haplochromine) populations and substantially altered species diversity and primary production
dynamics (Kaufman 1992). A second well known example is the Sea Lamprey (Petromyzon
marinus), which was originally discovered in the Great Lakes in the 1930s and quickly lead to
declines in Lake Trout {Salvenilus namaycush) stocks in Lakes Michigan and Huron (Smith and
Tibbies 1979).
The Laurentian Great Lakes within North America have received over 180 aquatic
invaders from different regions around the world, most by ballast water transfer with transoceanic vessels (Ricciardi 2006). Despite more recent caution and preventative effort, transport,
physiological, and biological barriers to dispersal were overcome by aquatic invaders. Aquatic
invasive species have had unprecedented impacts on native species by altering suitable habitat,
competing for habitat or food resources, and potentially altering the structure and function of
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entire food webs (Maclsaac 2000; Balshine et al. 2005). The need to understand AIS impacts on
food webs has resulted from their ubiquity throughout the Great Lakes and their detrimental
impacts. A call for more knowledge on how these invaders impact food webs has led to trophic
relationship studies, which have helped identify changes to the diet and potential interactions
with native species (Vander Zanden et al. 1999).
Within the Great Lakes, dreissenid mussels have been recognized as particularly
destructive invaders, resulting in over $1 billion/year in damages and associated biological
control costs (Pimentel et al. 2005), along with extending well beyond original introduction sites
(Schloesser et al. 1996). Nutrient and primary production regimes have fluctuated since their
introduction, especially in near-shore zones (Johannson et al. 2000). Lake Whitefish {Coregonus
clupeaformis) have undergone dramatic declines in condition, which has been associated with
the introduction of dreissenid mussels and a decline in their historically preferred prey, the
amphipod Pontoporeia (Rennie et al. 2009).
The Round Goby, a non-native benthic feeding fish, has also established itself as a
successful competitor and predator (Corkum et al. 2004). Its ability to compete with native fishes
for benthic invertebrate resources has contributed to its rapid success and proliferation into new
habitats (Corkum et al. 2004; Balshine et al. 2005). Predation on native fish eggs has inhibited
recovery of commercially important fish species, such as Lake Trout (Salvenilus namaycush)
(Chotkowski and Marsden 1999).
Where abundant, Round Goby has also become an important diet item for larger
commercially important piscivores such as Yellow Perch (Perca flavescens), Walleye {Sander
vitreus), Smallmouth Bass {Micropterus dolomieu), Largemouth Bass {Micropterus salmoides),
Northern Pike {Esox lucius), and Lake Trout {Salvenilus namaycush) (Johnson et al. 2005;
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Dietrich et al. 2006; Campbell et al. 2009; Taraborelli et al. 2010). Consumption of benthic
invertebrates and dreissenid mussels by Round Goby has resulted in the re-integration of
sequestered benthic energy and an extended energy pathway from the benthos (Johnson et al.
2005). Recent studies have investigated how the consumption of and interaction with invasive
species such as dreissenid mussels and Round Gobies will alter the condition of native fish
species, and may affect energy and contaminant transfer to larger piscivores, which are
consumed by humans (Morrison et al. 2000; Marentette et al. 2010).

Stomach Contents
Changes in fish condition, growth or population abundance may be indirectly mediated
by a change in diet. Stomach content analyses are used to understand species interactions based
on what prey are observed in the diet. Stomach contents identify, often with high taxonomic
resolution, what an organism has recently consumed, however, these are only time-sensitive
"snapshots" (Vander Zanden and Rasmussen 1999; Overman and Parrish 2001; Olive et al.
2003). Contents are sometimes characterized by poorly distinguishable food items due to
digestive processes (Pinnegar and Polunin 2000) and may be subject to temporal biases in prey
availability (Pinnegar and Polunin 1999). Differential digestibility of dietary components such as
invertebrate carapaces or shells may lead to a prolonged retention in the gut, and over estimation
in the diet, as well as a large number of other unidentifiable contents (Barton et al. 2005).
Methods of capture (i.e., gillnets), may also pose a concern to dietary estimates as we
typically retrieve individuals in a given habitat and possibly not in others, where fish may only
spend a small amount of time, or where feeding might not occur at all (Campbell et al. 2009).
Stomach contents provide a useful measure of the basic species composition of the diet (Iverson
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et al. 2004), however they may provide an incomplete picture of food web interactions due to
spatial and temporal variability in predator and prey abundance. Stable isotope analysis provides
a complimentary analysis that integrates assimilated dietary preferences over a longer time
period, but lacks taxonomic resolution (Peterson and Fry 1987; Overman and Parrish 2001; Post
2002).

Stable Isotopes
Stable isotopes are elements that occur in various abundances within nature. The light
isotopes of carbon ( ! C) and nitrogen ( N) are naturally present in greater abundances than the
heavier isotopes of these elements, 13C and 15N, with the lighter isotopes preferentially selected
during photosynthetic and metabolic processes (Minagawa and Wada 1984; Kelly 2000).
Fractionation, or the preferential utilization of one form of the isotope, occurs due to the different
masses and speed of reactivity of these forms. The abundances of these isotopes are expressed in
delta-notation, which compares the ratio of stable isotope abundance within consumer tissues to
that of a known standard reference material,
5 X = [(Rsample/RstandardH] X 1 0 0 0

(1),

where X is 13C or 15N and the ratio is either 13/12C or 15/14N.
1-2

1 C

Stable isotopes of carbon (5 C) and nitrogen (5 N) have been used to elucidate species
interactions and feeding patterns within various species, as they have been shown to behave in
predictable ways between an organism and its food (Peterson and Fry 1987). Carbon isotopes
have been shown to trace the original source of carbon or primary production to an organism
(Hecky and Hesslein 1995; Overman and Parrish 2001) because of minimal modification or
enrichment (~l0/0O) with trophic transfer between a potential prey and consumer (Vander Zanden
12

and Rasmussen 2001) and can vary widely between different photosynthetic sources. This allows
ecologists to trace consumption of different foods or feeding in multiple habitat types. Assigning
the importance of habitat use to a fish species is supported by the recognition of differences in
baseline carbon in different regions of freshwater lake habitats (typically ranging from -22°/00 for
a more littoral carbon source, -27 °/00 for a more pelagic carbon source, and -32 °/00 for a
profundal carbon source (France 1995; Vander Zanden and Rasmussen 1999)). These differences
between habitat types differ within lake ecosystems, but in general, are due to different
biogeochemical processes operating in each habitat type such as diffusion and discrimination of
isotopes (Kelly 2000). Relative carbon source, or a comparison of the 5l3C of a consumer to the
5 C of an appropriate baseline organism such as a primary consumer, can provide insights into
the reliance of a fish species on a diet from a particular habitat type (cf. Fisk et al. 2003).
Relative Carbon Source = 513Cconsumer/ 513Cbaseime

(2),

The use of nitrogen isotopes to trace energy transfer and trophic position relies on the
assumption of a 3-5°/00 increase in 515N between a prey and predator (Peterson and Fry 1987;
Minagawa and Wada 1984; Post 2002). After consumption of prey, isotopically light (14N)
proteins and amino acids are broken down. Fractionation occurs so that light (14N) proteins and
amino acids are preferentially incorporated into the tissues of the consumer. However, during
urea and uric acid production, fractionation is much stronger, so that isotopically light
compounds are preferentially excreted, which leads to retention of the heavier 15N isotope in the
tissues of the predator (Kelly 2000). Nitrogen isotope values (815N) have been shown to correlate
with contaminant (i.e., PCB) concentrations with known increases in trophic level in freshwater
and Arctic food webs (Cabana and Rasmussen 1994; Kiriluk et al. 1995; Kidd et al. 1995),
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supporting application as a continuous measure of trophic position since PCBs are well known to
increase from prey to predator (see for example, Fisk et al. 1998).
Nitrogen isotopes have been shown to vary widely within different regions of a single
lake (i.e., littoral, pelagic and profundal) and among different lakes because of biogeochemical
differences, baseline differences, and possible nutrient influences (Cabana and Rasmussen 1996
and Vander Zanden and Rasmussen 1999). One of the considerations involved in using carbon
and nitrogen isotopes as a measure of relative carbon source or as a continuous measure of
trophic position is the application of an appropriate baseline, typically a primary consumer such
as unionid mussels (Cabana and Rasmussen 1996; Anderson and Cabana 2007). Choosing the
most appropriate baseline for the analysis of integrated habitat use and feeding behaviour must
take into consideration the life history and movement patterns of the organism. For example,
fishes may seek refuge to avoid predators in the littoral zone of a lake, however, feeding may not
occur there. They may return to the pelagic zone to feed when their predation risk is minimized,
therefore, their isotopic composition will reflect the habitat where their energy source originated.
The aim of using appropriate baselines to estimate trophic position in different habitats, is
to ascertain whether variation in trophic position is due to feeding or trophic role differences and
not due to baseline effects on 513C or 815N. Differences in 515N in consumers of different food
webs are standardized by accounting for the variation present within baseline primary consumer
organisms (Cabana and Rasmussen 1996). Trophic position is thereby calculated using the
following equation:
Trophic Position = [(8 15 N consumer - 515Nbaseiine)/3.4 +2]

(3),
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where 3.4%c represents the standard increase in 8 N from food to consumer (often called the
diet-tissue discrimination factor) and 2 is the trophic position of the baseline organism (Cabana
andRasmussen 1996).
In a slightly modified model, Post (2002) accounted for the influence of different habitat
use on fish trophic position by also incorporating the influence of 813C of the consumer and
associated baseline organisms. The revised trophic position calculation then becomes:
Trophic Position = 2 + (515Nconsuraer- (515Nbasel x a) + (515Nbase2 x (1- a))/3.4
Ct = ( 6

C consumer " O Cbase2j' ( o

(4),

Cbasel" O v_.base2J

In the freshwater Laurentian Great Lakes ecosystem, the near extinction of native unionid
mussels has resulted in the use of dreissenid mussels (Dreissena polymorpha and Dreissena
bugensis) as the primary consumer organism to estimate trophic position (see Campbell et al.
2009). Mussels are generally used because they are sessile, and they integrate baseline seston
over long periods because their tissues have a slow turnover time following seasonal changes.
The combination of 8 C and 8 N within consumer tissues provides insights into the feeding
preferences of a group of similar organisms and quantifying inherent variability in these values
indicates the dietary breadth of organisms within a particular ecosystem (Layman et al. 2007).
Greater variability in 815N values has been suggested to represent omnivory, i.e., feeding
at different trophic levels (France 1997), whereas a larger range of values for 813C represents the
incorporation of multiple dietary sources possibly from different food webs (Barnes et al. 2008;
Hoffman et al. 2010) or feeding in different habitat types of a single system (France 1995).
Spatial differences in 813C or 815N may indicate the presence of unique diets across habitats, but
it may also reflect differences in similar food types due to biogeochemical variation at different
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sites, which influences the isotopic composition of the food (Jennings et al. 1997; Doi et al.
2003; Mbabazi et al. 2009).
While stable isotopes provide an informative measure of integrated diet, and often
replace stomach content analyses, their compliment is informative for discerning differences in
diet at varying ecological scales. Linear mixing models and dual-isotope mixing models such as
IsoSource (Phillips and Koch 2002) have been developed to identify and assign probabilities of
dietary dependence on one or more prey items, where stomach contents might only provide a
snapshot of dietary information or where an incomplete assessment of available prey items using
stable isotopes may not be able to discriminate between prey items with similar isotopic
composition.

Study Site
The Laurentian Great Lakes ecosystem represents the largest system of freshwater lakes
in the world, with a total area of 245,000 km2, situated between the United States and Canada
(Smith and Tibbies 1979). As a large source of freshwater and other renewable resources, they
support associated aquatic habitats and human populations throughout the basin and within North
America. Large commercial and recreational fisheries exist in all five of the Great Lakes. More
recently, fishes within the Great Lakes region are increasingly being exposed to stressors such as
climatic changes, species invasions, and habitat destruction, which have altered the structure and
function of these food webs (Hebert et al. 2006).
Lake Ontario is a large (18,960 km2), deep (max depth of >200 m), cold lake, linked to
the St. Lawrence River to the east and the Niagara River to the west (Mills et al. 2003). Lake
Ontario is a site of important Yellow Perch, Walleye, Lake Trout, and Lake Whitefish fisheries
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(Mills et al. 2003; Fullerton and Lamberti 2006; Hoyle et al. 2008). Within eastern Lake Ontario,
The Bay of Quinte is recognized as an Area of Concern (Diamond et al. 1996) (Figure 1.1.).
Phosphorus abatement programs in the 1970s and 1980s as part of the Great Lakes Water
Quality Agreement effectively reduced phosphorus loadings, however, projected warming has
served to nullify many of the effects that the phosphorus programs provided (Nicholls 1999).
Within Areas of Concern such as the Bay of Quinte, degradation of benthic invertebrate
communities represent one of the beneficial use impairments (Grapentine 2009). Lower relative
abundance of some benthic invertebrates species in the Bay of Quinte may reflect degraded
conditions associated with increased nutrients, high contaminant levels, and degraded sediment
conditions (Miliani and Grapentine 2006). As a near shore, shallow region, this area has faced
many stressors and changes, ranging from overfishing, species invasions, such as the Round
Goby and dreissenid mussels, and warming in recent years (Mills et al. 2003).
The Bay of Quinte and Kingston Basin areas of eastern Lake Ontario have been
recognized as an important site for recreational fisheries of Yellow Perch and Walleye (Purchase
et al. 2005). The Upper Bay of Quinte surrounded by Prince Edward County, Ontario is
characterized as shallow, eutrophic and warm, with summer temperatures ranging from 18-28°C.
High levels of terrestrial inputs, shallow depths and warm temperatures within the Bay of Quinte
support high algal growth (Cladophora), which limit oxygen levels in shallow near-shore areas
and contributes to low water clarity (Nicholls and Hurley 1989). The Kingston Basin is a deep,
oligotrophic, offshore region, and cool at summer temperatures ranging from 14-25°C, receiving
continuous cold water influx from open Lake Ontario. The sediment of the Kingston Basin is
much rockier, which promotes a high abundance of dreissenid mussels and their spread into the
offshore region (Taraborelli et al. 2008). In areas where dreissenid mussels have established,
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they provide refuge for small invertebrates and have altered predator-prey regimes (cf. Cobb and
Watzin 2002).

Study Species
Yellow Perch
Yellow Perch are generally found in the littoral near-shore zone, where they have a broad
and omnivorous diet, comprised mostly of benthic invertebrates or small zooplankton at early
ages. Yellow Perch, however, undergo ontogenetic diet shifts to piscivory occurring at lengths of
approximately 150-170 mm (Keast 1985; Mittelbach and Persson 1998; Fullhart et al. 2002;
Graeb et al. 2004). The Yellow Perch fishery within the Great Lakes region is one of the largest
and most important within North America (Purchase et al. 2005; Fullerton and Lamberti 2006).
Life history data is well-documented for this fish, however, information regarding variation in
the diet of fishes and trophic relationships within the Lake Ontario and associated embayments
within the Great Lakes is lacking.

Walleye
Walleye is the most abundant top predator within the Bay of Quinte and eastern Lake
Ontario (Hoyle et al. 2008). Its diet is comprised mostly of Alewife (Alosa pseudoharengus) and
other fishes, including young-of-the-year Yellow Perch, minnows, and darters (Lyons 1987).
This species undergoes a diet shift from small invertebrates to one of fish at age-0, at a length of
35-80 mm (Mittelbach and Persson 1998). Walleye is a commercially and recreationally
important fish species within the entire Great Lakes ecosystem (Hoyle et al. 2008).
Environmental changes such as clearer water due to the establishment of dreissenid mussels
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within the Bay of Quinte have been shown to decrease suitable habitat and have lead to
reductions in Walleye stocks (Chu et al. 2004). Changes in Walleye condition and abundance
have also been linked to fluctuations in its historically preferred prey, the Alewife (Ridgway et
al. 1990). This large pelagic predator has been documented to undergo large-scale spawning
migrations between the Bay of Quinte and Kingston Basin, which serve to link the two habitats
(Hoyle et al. 2008).

Largemouth Bass
Largemouth Bass are important to sport fisheries within the Great Lakes (Morrison et al.
2000). Largemouth Bass is a species shown to undergo ontogenetic shifts in diet with increasing
size, towards piscivory (Olson 1996; Mittlebach and Persson 1998; Post 2003). Young-of-the
year Largemouth Bass are able to prey upon newly hatched con-specifics starting at sizes ranging
from 30-50 mm (Post 2003). When small, it inhabits near-shore zones and prefers dense
macrophyte areas, where it consumes small invertebrates until it reaches a larger size (Olson et
al. 1995; Olson 1996; Post et al. 2000).

Alewife
The Alewife was first introduced to Lake Ontario in the 1860's and quickly dominated
the forage fish community, becoming a successful competitor with native forage fishes. As sizeselective predators (Wells 1970), their diet is comprised mostly of pelagic zooplankton, although
they also consume insects, amphipods, and have been known to consume fish eggs (Mills et al.
1992). Alewife is a key prey item for Lake Trout, Walleye, and introduced salmonids (Mills et
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al. 2003). Winter die-offs have affected population numbers of this species, and have lead to
subsequent changes in predator population dynamics (Ridgway et al. 1990).

Round Goby
The invasive Round Goby was first discovered in the St. Clair River in the early 1990's
(Jude et al. 1992). Due to its benthic and aggressive feeding nature, it has since mediated changes
in macro-invertebrate abundance, led to competition with native fishes for prey items and
habitat, and has been incorporated into the diet of many native fishes (Corkum et al. 2004;
Balshine et al. 2005; Johnson et al. 2005; Lederer et al. 2006; Taraborelli et al. 2010). Due to its
small home range (Ray and Corkum 2001), its feeding preferences, and ability to tolerate
contaminants, Round Goby may serve as a useful bio-indicator of ecosystem stress across
environmental gradients (Marentette et al. 2010).

Objectives and Rationale
Large lake ecosystems are inherently complex. At various habitat scales, the structure and
function of aquatic food webs can vary reflecting differences in species interactions, dietary
preferences and resource use among ecologically distinct areas of a habitat. For example, fish
feeding in different regions of a lake will be exposed to different nutrients, temperatures, depth,
prey availabilities and predation risks (Lima and Dill 1990; Post 2003). Fish diet may be affected
by handling time, movement patterns of the prey and predator, prey digestibility, or may be the
result of a decrease in suitable prey and greater numerical abundance of less profitable prey,
which are easier to catch and consume. Prey choice by a predator may also be affected by
ontogenetic (size), spatial and temporal factors at the individual, population or ecosystem level.
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How diet, species interactions, and food web structure varies at spatial and temporal scales
within a single lake ecosystem, has yet to be explored within the nearshore eastern Lake Ontario
food web and has generally been ignored in aquatic food web studies. Given the increase in AIS,
it is also important to understand how their impacts may vary at various ecological scales.
The ability of ecologists and fisheries managers to monitor changes in food web structure
and function relies on the development and application of a suite of measurements of organism
and ecosystem health, diet, and the functional relationships between species within an
ecosystem. This information provides useful tools for fisheries managers to assess the state of
particular fish stocks for mitigation of further changes and developing improved conservation
strategies.
Questions I aimed to address were:
Does the diet of an invasive species differ in various habitats of a single lake ecosystem?
Here, I aimed to understand variability in diet and trophic position of the Round Goby
across site and season by using stomach contents and stable isotopes to account for
multiple sources of variation and to provide a more complete picture of the influence of
an invasive species. This research is presented in Chapter 2.

Are there differences in feeding ecology (diet) of fishes, and food web structure between
two sites of contrasting temperature, depth, and nutrient status within eastern Lake
Ontario? Here, we use a stomach content and stable isotope approach to understand
feeding interactions, to use multiple baselines to account for the integration of diet from
multiple habitats for a more realistic trophic position estimate, to quantify dietary overlap
of species within a habitat, and to discern variation in diet and food web structure that
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may accompany environmental variables at different sites and in different seasons. This
research is presented in Chapter 3.
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Figure 1.1. Location offish and invertebrate collection sites within eastern Lake Ontario, the Bay
of Quinte and Kingston Basin.
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CHAPTER TWO

SPATIAL AND SEASONAL VARIABILITY IN THE DIET OF ROUND GOBY: STABLE
ISOTOPES INDICATE THAT STOMACH CONTENTS OVER-ESTIMATE THE
CONTRIBUTION OF DREISSENIDS TO THE DIET
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Introduction
Quantifying spatial and temporal variability in food web structure remains a challenge for
ecologists (Warren 1989; Martinez et al. 1999; McCann et al. 2005). Aquatic habitats within a
single lake system often differ in physical and chemical properties, such as nutrients, temperature
and depth, which can influence diet, habitat use and trophic positions of fish across seasons and
sites within a single system (Mclntyre et al. 2006; Zambrano et al. 2010). Trophic interactions
may also differ over ontogeny, with shifts in diet, habitat use, or trophic position of species
typically accompanying an increase in fish size (Jennings et al. 2001; Mclntyre et al. 2006).
Consequently, single point estimates or small scale studies may misinterpret trophic interactions
and ultimately the dynamics of food web structure (Paine 1980). It is therefore important to
account for spatial and temporal factors and the influence of ontogeny when assessing food web
dynamics (Warren 1989; Syvaranta et al. 2006).
Aquatic invasive species (AIS) are a serious concern in the Laurentian Great Lakes,
where the structure and biological integrity of communities have been compromised (Mills et al.
1994; Ricciardi and Maclsaac 2000). The vast majority of these introductions have been humanmediated, most commonly via ballast-water transport in trans-oceanic vessels (Ricciardi and
Maclsaac 2000). Successful AIS often have broad physiological and environmental tolerances,
rapid reproduction, and occupy similar habitats in natal and introduced ecosystems (Corkum et
al. 2004). Where AIS have successfully established and proliferated, they tend to have
detrimental impacts on local food webs (Kuhns and Berg 1999; French and Jude 2001) although
only a small percentage of all successful invasive species are considered a nuisance (Willamson
and Brown 1986).
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The benthic-feeding Round Goby {Neogobius melanostomus) has been described as the
fastest advancing and one of the furthest spreading of all AIS to become established within the
Great Lakes basin (Corkum et al. 2004). Round Goby likely arrived through ballast-water from
the Black Sea region in the early 1990s (Jude et al. 1992). This small fish (< 20 cm) has been
implicated in a number of ecological and economic problems, including declines in benthic
invertebrate abundance (French and Jude 2001; Barton et al. 2005; Lederer et al. 2006), changes
in fish community composition through predation and competition (Ghedotti et al. 1995;
Balshine et al. 2005) and changes in native predator feeding behaviour (Johnson et al. 2005;
Campbell et al. 2009; Taraborelli et al. 2010). Several studies have attributed the rapid
successful invasion of the Round Goby to its ability to consume the very abundant invasive
dreissenid mussels, its broad environmental tolerance, broad diet, aggressive behaviour and
repeat spawning events (Ghedotti et al. 1995; Corkum et al. 2004).
Round Goby has become an integral species in Great Lakes communities, utilizing a
diverse prey assemblage, and in turn being consumed by many fish and other vertebrate
predators (Johnson et al. 2005; Hebert et al. 2008; Jones et al. 2009). Many studies suggest
dreissenid mussels are the predominant prey for Round Goby, especially for larger size fish (Ray
and Corkum 1997; Corkum et al. 2004). This conclusion is based mainly on stomach content
analysis of Round Goby, which may overestimate the contribution of this hard-shelled organism
to total diet and underestimate the species impact on other components of the near-shore benthic
community (Barton et al. 2005).
We employed both stomach contents and stable isotopes of carbon (5 C) and nitrogen
(815N) to assess differences in Round Goby diet, trophic position and carbon sources, with
respect to body size, across two littoral sites (Bay of Quinte and Kingston Basin) and three
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seasons (spring, summer and fall) in the eastern basin of Lake Ontario. Within eastern Lake
Ontario, the Bay of Quinte has been listed as an Area of Concern, with high summer
temperatures, shallow depths, and agricultural inputs contributing to abundant Cladophora
growth throughout the embayment. The Kingston Basin is a comparatively pristine location, with
a greater depth, higher water clarity, and cool water inputs from the open lake. We predict that
Round Goby diet choice and trophic position will vary across sites that differ in nutrient status
and the influence of primary production sources, (terrestrial vs. open-lake processes), and
temperature differences (Mclntyre et al. 2006). We also expect Round Goby diet to shift from
smaller, soft-bodied invertebrates to dreissenids with increasing fish size (Ray and Corkum
1997; Barton et al. 2005; Campbell et al. 2009) due to gape and required crushing force
limitations at smaller body sizes.

Materials and Methods
Study Site and Species
Round Goby and benthic invertebrates were collected at two geographical locations with
contrasting temperature in northeastern Lake Ontario, the Bay of Quinte (44°08.978 N,
77°10.013 W) and the Kingston Basin (44°00.163 N, 76°59.318 W) (Figure 1), during the
summer of 2009 (July 14-September 9) and the spring (May 25-June 8), summer (July 5-August
5) and fall (September 27 -November 15) of 2010. The Bay of Quinte is a large, shallow and
eutrophic embayment where summer temperatures range from 18-28°C. The Kingston Basin is a
deeper, oligotrophic region that is more representative of an open lake environment, where
summer temperatures usually range from 14-25°C. Water temperature was continuously recorded
at lm sub-surface and lm above the bottom using loggers deployed within each site during the
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sample collection periods (Table 1.1). In 2010, daily water temperature data for the Bay of
Quinte were obtained from the Belleville water treatment plant. Water temperature with loggers
and at the intake, were highly correlated in 2009.
Sample Collection
Round Gobies were collected using beach seines in near-shore water <1.2 m, defined as
littoral habitat. Benthic invertebrates were collected with ponar grab samplers in the vicinity of
Round Goby collections. Quagga mussels {Dreissena bugensis), representing > 90% of the
dreissenid species, were collected to serve as a trophic baseline for stable isotope analysis of the
two food webs. Dreissenid mussels, and sessile filter-feeders in general, are considered a better
baseline relative to pelagic zooplankton, which are subject to temporal variability in stable
isotopic composition because of their rapid turnover reflecting seasonal nutrient dynamics
(Cabana and Rasmussen 1996), and because they are a dominant item found in stomach contents
of Round Goby (French and Jude 2001; Johnson et al. 2005). Fish and invertebrate samples were
immediately placed on ice and returned to the lab. All fish were weighed (±0.01 g), measured
(±0.1 mm) and sexed based on external features (urogenital papilla). As Round Goby lack a true
stomach, the entire digestive tract from the esophagus to the anus was retained for gut content
analysis. A skinless, boneless, dorsal muscle sample was excised from all individual fish and
frozen at -80°C until analyzed for stable isotopes. For mollusks and for other invertebrates, only
soft-tissue was retained for stable isotope analysis.

Sample Analysis
Round Goby were separated into small (< 80 mm) and large (> 80 mm) size categories,
as a size-dependent shift in diet occurs between 70 and 100 mm (French and Jude 2001; Barton
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et al. 2005). The volumes of gut contents and individual taxa were determined by water
displacement and contents were enumerated under a dissection microscope. Prey taxa were
identified to the Order or Family level (Voshell 2002). Non-mollusc prey items are termed "softbodied invertebrates", and include the taxa: Chironomidae, Amphipoda, Copepoda, Cladocera,
Trichoptera, Odonata and Ephemeroptera. Similar prey classifications were pooled in a single
category; for example, Chironomidae pupae and larvae were pooled in Chironomidae.
For 8 C and 5 N analysis, fish muscle and invertebrate samples were freeze dried for 48
hours and ground using a mortar and pestle. For each fish and invertebrate sample, 400-600 ^g
of tissue was weighed into 5x9 mm tin cups. Samples and standards were analyzed using a Delta
V IRMS (Thermo Electron Corporation, Waltham, Massachusetts, USA) equipped with an
elemental analyzer (Costech, Santa Clarita, CA, USA) to quantify the abundances of 813C and
815N. Samples were not lipid extracted because the measured C:N ratio did not exceed 3.5 in
preliminary test runs, indicating low lipid content. Lipid extraction has also been shown to affect
815N values (Post et al. 2007) The abundances of carbon and nitrogen isotopes in each sample
was expressed in delta-notation relative to a standard, using the following equation:
8 R ( 7 0 0 ) = ((R s a m ple)/ (Rstandard)-l) X 1 0 0 0

(1).

where R is the ratio 15N/14N or 13C/12C. The standard reference material was Pee Dee Belemnite
carbonate for CO2 and atmospheric nitrogen for N2. NIST Standard 8414 and an internal fish
muscle standard (Tilapia, Oreochromis niloticus), along with three internal glycine reference
standards were analyzed every 12c sample, and to assess repeatability, every tenth sample was
run in triplicate. Precision of analysis for standards was calculated based on the standard
deviation of reference standards, which were 0.05 for 813C and 0.12 for 815N for NIST standard
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8414 (n = 207), and 0.12 for 513C and 0.17 for 815N for an internal laboratory fish muscle
standard (n = 214).

Data Analysis
Stomach Contents
To assess whether the number of stomach contents examined was sufficient to describe
the dietary diversity of Round Goby, cumulative rarefaction prey curves from stomach contents
were generated for the two sites in each season using Primer 6.0 (Primer-E Ltd., Ivybridge,
United Kingdom)(Braccini et al. 2005). For both size classes of Round Goby, and each season
and site, percent number (%N), percent volume (%V) and percent frequency of occurrence (%0)
were calculated, along with IRI and percent index of relative importance (%IRI) (Cortes 1997)
using the following equations:
IRIX = (%N+ %V)* %0

(2).

%IRIX = (IRIX/X[IRI])* 100

(3).

Stable isotopes
All stable isotope-related data (813C and 815N) were analyzed using Statistica software
(Statsoft Corp, Tulsa, Oklahoma, USA), were verified for normality using a Shapiro-Wilk test
and a p-value of less than 0.05 deemed statistically significant. There was no observed effect of
IT

1 C

sex on 5 C or 5 N (one factor ANOVA; p > 0.05), therefore male and female data were pooled.
Linear regression analysis was used to assess trends in 513C or 815N values with Round Goby
size, with all seasons combined within a site. Since few significant size relationships were found,
and those that were significant explained a small amount of the variation (R2< 0.2) (see below),
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size was not considered in additional analyses. A MANOVA was used to examine variation in
5 C and 5 N with site, season, as well as the interaction. Since the null hypothesis was rejected,
separate factorial ANOVAs were run on individual dependent variables (S13C or 515N) with site
and season as independent factors. Tukey's post-hoc comparisons were used to assess significant
pair-wise differences between sites and seasons.

Comparing stomach contents and stable isotopes
To compare the stable isotope and stomach content results, we used three methods, and in
all cases the data was analyzed by site and season. The first method was to convert stomach
contents and stable isotope values to an estimate of consumer trophic position. For stomach
contents, this was done using the equation of Vander Zanden et al. (1997):
Trophic Position = £ (VXTX) +1

(4).

where Vx is the %volume of prey item x, and Tx is the assigned trophic position of different prey
items, based on documented feeding ecology (Vander Zanden et al. 1997). To estimate trophic
position from stable isotopes, 515N was used with the equation of Cabana and Rasmussen (1996):
Trophic Position = (515Nconsumer- 515Nbaseiine)/3.4 +2

(5).

where 515Nconsumer is the stable nitrogen isotope value of the Round Goby, 515Nbaseime is the
baseline organism (quagga mussels, matched to the location and season of sampling for the
Round Goby), 3.4 is the diet-tissue enrichment factor (Post 2002), and 2 refers to the trophic
level of the baseline organism. An ANOVA was used to assess variation in trophic position
across sites and seasons.

46

The second method used linear mixing models to estimate expected values for 513C and
515N based on the quantified fractional contribution (%V) of prey different items in stomach
contents using the following equations:
a) 513CeXpected = (I(a(%V a ) + b(%Vb) +c(%Vc)....) +1

(6).

b) 515Nexpected = (Za(%Va) + b(%V b )+c(%V c )....)+3.4

(7).

where the letters a, b, etc represent the 5 C or 81 N isotope value of different prey, %VX
represents the % volume of the designated prey item, and 1 %o and 3.4 %c are the diet-tissue
enrichment factors between a prey and consumer, for 813C and 515N, respectively (Post 2002).
The last method estimated the proportion of different diet items based on stable isotopes
using the mixing model MixSIR (Semmens and Moore 2008). Although the Bayesian model
approach enables prior information to be incorporated, uninformative priors were used so that
estimates were unbiased, and that prey items were a priori equally likely to contribute to the
stable isotope composition of the consumer. For 813C, a diet-tissue fractionation factor of 1.0 ±
0.4SD%0 was used, and for 515N, 3.4 ± 1.1SD%0 was used, with 1,000,000 model iterations.

Results
A total of 259 Round Gobies, ranging in size from 35 to 126 mm, were sampled. Mean
total length did not significantly differ between the Kingston Basin (81.89 ± 1.39 mm (mean ±
SE), n = 146), and the Bay of Quinte (77.01 ± 1.75 mm, n = 113)(df =1; F =2.281; p = 0.133), or
with season (df = 2; F = 1.222; p = 0.297), however, the interaction of site and season was
significant (Site*Season: df = 2; F = 6.631; p = 0.0016). Within a site, mean sizes were not
significantly different between years (Student's t-test) (Bay of Quinte: t = 1.02; df = 56; p = 0.31;
Kingston Basin: t = 0.32; df = 41; p = 0.75).
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Stomach Contents
Of the 259 Round Goby stomachs, 9.6% (n = 25) were empty. Based on rarefaction
cumulative prey curves, for both sites and in most seasons, an asymptotic number of prey items
was observed.
Overall, the %IRI indicated that dreissenids were the dominant prey item of Round Goby,
and in most instances %IRI was > 79% (Figure 2.2). Based on %IRI, the importance of
dreissenids was higher for the Bay of Quinte compared to the Kingston Basin for all seasons,
increasing in importance from spring to summer at both locations. The contribution of other prey
items was spatially and seasonally variable. Within the Kingston Basin, fish eggs were important
prey items (%IRI > 50%) to Round Goby in the spring of 2010, and Ostracods were important
(%IRI > 38%) to Round Goby diet in the fall of 2010. Other prey items, such as Amphipoda,
Trichoptera, Odonata, Ephemeroptera, Cladocera, and Copepoda were found in stomach
samples, however, based on %IRI, often contributed less than 10% individually to the stomach
contents. Larger Round Gobies (> 80 mm) had higher %ERI for dreissenids, and lower %ERI for
soft-bodied invertebrates (especially chironomids) compared to small Goby (< 80 mm). Round
Goby diets were more diverse in the Kingston Basin, in the fall, and for smaller individuals
(Figure 2.2).

Stable Isotopes
Linear regression analysis revealed no significant trends for 513C or 515N with length for
Round Gobies when all seasons were pooled and separated by site (Bay of Quinte §13C: R2 =
0.02, p = 0.16; 515N: R2 = 0.09, p <0.01; Kingston Basin 513C: R2 = 0.18, p <0.01; 515N: R2 =
0.08; p = 0.011). There were, however, large ranges in 813C, ranging from -16 to -22%0 as Round
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Goby increased in size in the Kingston Basin, and a trend from -29 to -18%o with increasing size
in the Bay of Quinte (Figure 2.3).
A MANOVA indicated that there were significant differences between site and season for
S13C and 515N. Individual ANOVA revealed that site and season were also significant for 5I3C or
815N (p <0.05) (Table 2.4). Tukey's post-hoc comparisons indicated that Round Goby from the
Bay of Quinte had lower 8 C values relative to those from the Kingston Basin across all
seasons, and values became more enriched in 813C with a shift from spring to fall in 2010 at both
sites. Values of 815N in Round Goby were higher in the Kingston Basin compared to the Bay of
Quinte. In the Kingston Basin, 815N values generally decreased from spring to fall, however, the
opposite trend was observed for the Bay of Quinte (Tukey's HSD <0.05).
Stable isotope values of invertebrate prey items were lower in 813C and S15N in the Bay
of Quinte, compared to the Kingston Basin, similar to our findings of consumer isotopic
composition.

Comparing stable isotopes to stomach contents
Trophic position was higher for the Round Goby within the Kingston Basin compared to
the Bay of Quinte using either stable isotopes or stomach contents (Table 2.5). In general, trophic
position estimates using stomach contents were lower than those obtained using stable isotopes,
but all were close to a value of 3 (Table 2.5). Collection site and season had a significant
influence on trophic position calculated using stable isotopes (ANOVA, Site: df = 1; F = 6.19; p
= 0.0137; Season: df = 2; F = 59.29; p <0.001; Site*season: df = 2; F = 7.63; p <0.001). There
was no significant difference in Round Goby trophic position between spring and summer, but
trophic position in fall was significantly higher than the other two seasons in the Bay of Quinte.
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In the Kingston Basin, there were no significant differences between trophic position across
season (Tukey's HSD <0.05).
Expected values of 513C and S15N obtained from a linear mixing model generally did not
agree with observed values of stable isotopes in the Round Goby. Expected values were higher in
5 C for the Bay of Quinte and lower in 8 C for the Kingston Basin, as well as generally lower
for 815N than obtained from field derived data, for both the Bay of Quinte and Kingston Basin
(Figure 2.5). Round Goby 813C and 815N adjusted for diet-tissue fractionation factors clearly
demonstrate that prey other than dreissenids must be a significant component of the Round Goby
diet (Figure 2.6).
Based on MixSIR, the proportion of dreissenids in the diet of Round Goby did not exceed
0.39 in the Bay of Quinte, and 0.11 in the Kingston Basin, for any season or site (Table 2.6). In
the Bay of Quinte, other items including Chironomidae, Amphipoda and Odonata had
proportions exceeding 0.20, and up to 0.72 in one instance. In the Kingston Basin, the
proportional contribution of Amphipoda exceeded 0.45 in three of four seasons.

Discussion
Our results provide new information that the diet, carbon source and trophic position of
the invasive Round Goby can vary across littoral sites in eastern Lake Ontario, and also with
season and body length. Stable isotope data suggested that dreissenid mussels may not be such a
dominate prey item as indicated by our stomach contents, and those from other studies (Ray and
Corkum 1997; French and Jude 2001; Johnson etal. 2005), and that soft-bodied invertebrates
and fish eggs may contribute more substantially to Round Goby biomass. Given its hyperabundance, our stable isotope results indicate that the Round Goby could have a significant
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direct influence on benthic invertebrate communities of lakes, possibly depleting local sources of
prey items used by native fishes (Balshine et al. 2005; Raby et al. 2010).
Even though the Round Goby is known to be a molluscivore in native and introduced
ranges (Ghedotti et al. 1995; Corkum et al. 2004), we used three lines of evidence to suggest that
traditional stomach content analyses are overestimating the proportion of dreissenid mussels in
the diet of Round Goby. Based on the combination of stable isotopes and stomach contents, the
linear mixing models generally under-estimated consumer isotopic composition, indicating that
actual assimilation of prey items differed from these observed dietary proportions, which is also
supported by MixSIR. The linear mixing models also tended to under-estimate consumer trophic
position compared to that calculated using stable isotopes, however these were similar at
approximately 3, due to a high proportion of soft-bodied benthic invertebrates and dreissenids in
the stomach contents with similar isotopic compositions. Seasonal dietary proportions estimated
using MixSIR generally did not agree with stomach content analysis, which tended to overestimate the dreissenid mussel component in both sites and in all seasons.
When Round Goby stable isotope values were adjusted for diet-tissue discrimination
factors of \%o and 3.4%o for 513C and 815N, respectively (Post 2002), isotopic signatures fell
between dreissenids and other invertebrate prey suggesting both groups contribute to the diet of
the gobies. Given that estimated Round Goby stable isotope values did not match the empirical
stable isotope values, this emphasizes that ingestion and assimilation of prey items are not equal,
which is a commonly identified problem with stomach content analysis (Barton et al. 2005;
Campbell et al. 2009). Mussel shells are retained longer in the digestive system and are more
easily identified in stomach contents than soft-bodied prey, which are digested more rapidly
(Kionka and Windell 1972). Stable isotopes reflect actual assimilation by the organism and have
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seen broad application in assigning relative trophic position in aquatic and terrestrial food webs
(Hecky and Hesslein 1995). Stable isotope mixing models can be used to estimate dietary
composition based on the isotopic composition of the consumer and potential prey items (cf.
Phillips and Gregg 2003; Moore and Semmens 2008), however, the precision of these estimates
depends on discreteness of the underlying prey isotopic signatures. As such, the combination of
stomach content and stable isotope analyses provide more robust estimates of dietary
composition and trophic position (Thompson et al. 1999; Milessi et al. 2010).
The dietary proportions estimated using MixSIR were not similar to that of stomach
content analysis in some cases, especially since dreissenids dominated spring and summer diets.
The general agreement between stomach contents and MixSIR in the fall indicating high
proportions of chironomids to Bay of Quinte Round Goby diets, and amphipods to Kingston
Basin diets, has been shown elsewhere in the Great Lakes (Corkum et al. 2004; Barton et al.
2005; Pennuto et al. 2010). The Bay of Quinte has a muddy bottom, favouring soft bodied
organisms such as chironomids, and the Kingston Basin has a rocky bottom (Taraborelli et al.
2009) explaining potential prey abundance differences and differential consumption. Our
observations of spatial differences in the importance of prey items makes sense, given that
muddy sediments favour organisms such as chironomids and rockier bottoms favour dreissenid
mussel settlement, increasing habitat complexity for benthic invertebrates such as amphipods {cf.
Cobb and Watzin 2002). The low proportion of dreissenids estimated using MixSIR indicates
that Round Goby are opportunistic feeders. Elsewhere in the Great Lakes, where dreissenid
mussels were not present, Round Gobies had a broad diet of benthic invertebrates suggesting that
they feed opportunistically on invertebrates such as amphipods and chironomids, and preferred
these items if given a choice (Diggins et al. 2002; Pennuto et al. 2010).
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Diet-tissue fractionation factors of 1.0 ± 0.4%o for 813C and 3.4 ± l.l%o for 515N are
commonly used in stable isotope studies of fish (Post 2002). However, the need for speciesspecific diet-tissue fractionation factors has been acknowledged because incorrect estimates
could mis-interpret the importance of certain items to the diet (Caut et al. 2009). We recognize
this limitation, but feel our assumed values of diet-tissue fractionation are reasonable and are
interpreted with caution.
Our findings of Round Goby stomach contents are consistent with other studies, which
have indicated Round Goby feed primarily on benthic invertebrates and dreissenid mussels, with
smaller individuals (< 80 mm) consuming a higher proportion of small invertebrates, and larger
Gobies relying more heavily on dreissenids (Ghedotti et al. 1995; Ray and Corkum 1997;
Johnson et al. 2005). While other studies have reported body size relationships with 813C or 515N
in Round Goby (Barton et al. 2005; Campbell et al. 2009), we only found evidence of such a
relationship in 2 of 8 site by season contrasts. While stomach contents identify size-based trends
in diet over a short period, stable isotopes reflect consumption patterns over longer time periods
and account for omnivory, which may conceal size-based trends in isotopic composition.
1^

Dreissenid mussels are depleted in 5 C relative to other invertebrate prey, contributing to the
observed decrease in Round Goby 813C as consumption increases. However, most of the other
prey identified in the stomach contents had similar ecological roles and therefore similar isotopic
values, which may have obscured any body size-isotope relationship (Barton et al. 2005).
Round Goby exhibited distinct differences in diet and trophic position across season and
between sites differing in production sources, nutrient levels, water clarity, and temperature.
Based on stomach contents and MixSIR, Round Goby consumed a higher proportion of
dreissenid mussels in the Bay of Quinte compared to the Kingston Basin. The greater importance
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of dreissenids in the Bay of Quinte is likely due to higher dreissenid density in the Bay of Quinte
(65,000-m2 in the l-5m depth strata) relative to Kingston Basin (9,000-m2) (Bailey et al. 1999).
Also, the Bay of Quinte is a more turbid environment relative to the Kingston Basin (Secchi
depth <1 m vs 5 m for Bay of Quinte and Kingston Basin, respectively) which may restrict the
ability to visually forage for alternate prey items. Diggins et al. (2002) have shown Round Goby
increase consumption of dreissenid mussels relative to other available invertebrate prey such as
amphipods as water turbidity increases.
Stable isotope values and stomach contents were seasonally variable, however Round
Goby fed at similar trophic positions across seasons, approximately 3, which would be expected
even if the species composition varied, given Round Gobies consume high proportions of benthic
invertebrates and dreissenid mussels with similar isotopic compositions (Barton et al. 2005).
Higher consumption of trophic level 2 dreissenids in the Bay of Quinte, as shown by MixSIR
and stomach contents explains the lower trophic positions relative to increased consumption of
alternate invertebrate items with trophic levels 2.0-2.5 in the Kingston Basin.
Even though Round Goby are benthic, higher trophic positions have been observed in
deeper, low nutrient lake environments where fish are influenced more by pelagic sources
(Mclntyre et al. 2006). In shallow embayments, such as the Bay of Quinte, allochthonous inputs
from the associated watershed tend to increase nutrients, which can contribute substantially to
fish production (Hall et al. 2003). Nutrients levels can influence 815N, especially due to increased
human density and shoreline usage (Cabana and Rasmussen 1996), both contributing to the
lower trophic positions and 8 N in Bay of Quinte Round Gobies.
Round Goby from the Bay of Quinte was more reliant on terrestrial carbon sources than
those from the Kingston Basin, consistent with the high level of terrestrial inputs throughout the
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embayment of the Bay of Quinte (Taraborelli et al. 2010). Round Goby consistently relied on
more littoral sources in the Kingston Basin, as revealed by higher 813C values across all seasons.
These results are not surprising, but demonstrate that the carbon sources of Round Goby, and
other more-sessile species of fish, can vary substantially over relatively small geographic ranges
within lakes. Whether these carbon source differences influence the health or condition of the
Round Goby warrants additional research.
The seasonal increase in 5 C for Round Goby in the Kingston Basin was not observed in
prey items, and suggested a change in diet with season. This was supported by the stomach
content analysis, which showed a switch away from dreissenid mussels in the fall. The results of
MixSIR support consumption of non-dreissenid items, indicating a higher proportion of
amphipods relative to dreissenids for three of four seasons, and a shift towards zooplankton
species in the summer of 2010. Values of 513C were more variable for the Bay of Quinte with
1 -3

season, becoming higher in 8 C from spring to fall. This is supported by MixSIR, which
indicated a greater reliance on chironomids in the fall relative to spring and summer. However,
the stable isotope results are not supported by the stomach contents. Since the visual stomach
contents in the Bay of Quinte Round Goby did not change much with season, particularly the
larger individuals, this increase in 8 C may also reflect diminished influence of spring run-off,
which would be reflected in lower 8 C of primary producers and consumers in the spring.
Higher consumer S15N from spring to fall in the Bay of Quinte supports increased
consumption of alternate non-dreissenid prey items with a higher 815N, diminished reliance on
terrestrial carbon sources, and greater reliance on littoral sources in the fall. Based on MixSIR,
which indicated higher reliance on prey such as amphipods in the Kingston Basin and
chironomids in the Bay of Quinte with higher 815N suggests that these items are more important
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to the diet of Round Goby with season, which is consistent with the greater importance of these
items in the fall as shown in the stomach content analysis.
The density of Round Goby in both the Bay of Quinte and Kingston Basin are
comparably large (~10/m2; Taraborelli et al. 2009; OMNR 2010), suggesting that, if nondreissenid prey items are significant diet items, their influence on near-shore benthic invertebrate
communities may be very pronounced in these regions of eastern Lake Ontario. Round Goby has
been implicated in depleting local sources of benthic invertebrates elsewhere in the Great Lakes
basin (Barton et al. 2005; Lederer et al. 2008; Raby et al. 2010).
Within Areas of Concern such as the Bay of Quinte, degradation of benthic invertebrate
communities represent one of the beneficial use impairments (Grapentine 2009). Lower relative
abundance of some benthic invertebrate species in the Bay of Quinte may reflect degraded
conditions associated with increased nutrients, high contaminant levels, and degraded sediment
conditions (Miliani and Grapentine 2006). Furthermore, Round Goby predation, and the potential
under-estimation of the consumption of soft-bodied invertebrate prey such as Amphipoda, may
further impair recovery of the Bay of Quinte. Therefore, an understanding of differences in fish
consumption patterns and trophic position in different locations within the Great Lakes and other
aquatic ecosystems can help to provide an indication of environmental quality and ecosystem
health. Spatial, seasonal and ontogenetic variation in fish diet and trophic position, as well as
differences in habitat characteristics should be considered when developing management plans
for the Great Lakes and other aquatic ecosystems.
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Figure 2.1. Collection sites for Round Goby and benthic invertebrates in Bay of Quinte and
Kingston Basin, eastern Lake Ontario.
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Table 2.1. Surface water temperatures (°C) at a depth of <1.5m in the Bay of Quinte and
Kingston Basin for Summer 2009, Spring, Summer and Fall 2010.
Bay of
Quinte

Season

Dates

n

Mean ± SE

Minimum

Maximum

2009
Summer
2010 Spring

July 14September 9
May 25-July
13
July 14September 9
September 10October 18

58

23.21±0.28

18.00

28.16

74

20.00±0.44

12.80

26.20

58

24.30±0.20

20.10

27.00

67

13.40±0.51

6.40

19.60

58

20.71±0.21

13.83

24.15

49

14.85±0.37

8.00

22.08

19

21.32±0.40

16.42

25.26

39

14.96±0.36

10.27

18.65

2010
Summer
2010 Fall

Kingston
Basin

2009
Summer
2010 Spring
2010
Summer
2010 Fall

July 14September 9
May 25-July
13
July 14September 9
September 10October 18
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Table 2.2. Seasonal values of 813C and 815N (mean +/- 1 SE) in Round Goby from the Bay of Quinte and Kingston Basin, Lake
Ontario. Expected values are based on % volumetric contribution of prey and their respective isotope values and observed is
empirical data.

Date
2009 Sum

Size Range
55-79mm
81-126mm

2010 Spr

35-80mm
81-120mm

2010 Sum

42-80mm
81-104mm

2010 Fall

59-80mm
81-117mm

Expected
Observed
Expected
Observed
Expected
Observed
Expected
Observed
Expected
Observed
Expected
Observed
Expected
Observed
Expected
Observed

n
22
18
19
10
11
7
12
14

Bay of Quinte
S'^N
51JC
10.92
-22.51
-25.87±0.20
11.47±0.06
-22.25
11.01
11.30+0.11
-26.35±0.19
-22.67
10.85
-25.62±0.23
10.81±0.09
-22.25
10.97
11.16+0.10
-26.54±0.25
-22.31
10.99
-23.73±0.18
10.60±0.14
10.97
-22.30
-24.70±0.19
10.97±0.19
-22.87
10.76
-21.98±0.34
11.64±0.19
10.98
-22.29
-21.11+0.36
11.87+0.18
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n
6
8
9
15
11
18
18
7

Kingston B;asin
515N
5C
-19.54
11.33
-19.16+0.36
12.01±0.10
11.34
-21.31
-20.29±0.64
11.67±0.14
13.02
-20.97
-18.15+0.14
12.90±0.14
-20.99
11.55
-19.36±0.21
12.70±0.08
-21.40
11.36
12.61+0.14
-18.10+0.18
-21.46
11.35
-18.09±0.16
12.54±0.10
-19.75
11.39
-17.39±0.44
12.43±0.10
-19.55
11.36
-17.69±0.63
12.43±0.17
li

n

i c

Table 2.3. Values of 8 C and 5 N (mean ± 1 SE, values if n < 2) and assigned trophic positions for prey based on equations in
Vander Zanden et al. (1997) in benthic invertebrates collected from the Bay of Quinte and Kingston Basin.
Bay of Quinte
Taxa
Dreissenidae
Chironomidae
Trichoptera

n
3
3
2

Odonata
Amphipoda

1
2

Ephemeroptera
Cladocera
Copepoda
Mixed
Zooplankton
Fish Eggs

0
2
0
2

5 ,J C
-23.24±0.24
-24.16±3.82
-22.76
(-18.63, -26.89)
-23.60
-25.86
(-22.18,-29.53)

Kingston Basin

51:,N
7.61±0.10
7.17±1.30
6.79
(3.43, 10.15)
7.52
6.12
(5.07,7.17)

-31.78,-31.84

7.62, 8.57

-29.35, -29.87

11.71, 12.50

0
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Assigned Trophic
Position

n
6
6
1

5UC
-22.51±0.31
-19.12±0.30
-18.75

813N
7.95±0.19
7.53±0.36
7.16

2
2.5
2.5

1
4

-21.19
-20.60±0.63

9.39
8.24±0.12

3
2.5

1
1
5
2

-18.73
-19.08
-24.99±1.30
-22.21,-22.04

7.01
10.15
12.01±0.54
9.96, 10.05

2.5
2.5
2.5
2.5

2

-22.31
(-21.90,-22.73)

11.19
(11.02,11.36)

3

Table 2.4. M A N O V A and A N O V A results for site and seasonal effects on c o n s u m e r 5 1 3 C and
5 1 5 N.
M A N O V A 5 u C - £>13N
Factor
SS
976.95
Site
122.52
Season
49.94
Site x Season
421.72
Error

df
1
2
2
178

MS
976.95
61.26
24.97
2.37

F
412.35
25.86
10.54

P
<0.01
<0.01
<0.01

A N O V A 5 13 C
Site
Season
Site x Season
Error

df
1
2
2
178

MS
1302.07
102.45
24.98
3.83

F
339.80
26.74
6.52

p
<0.01
<0.01
<0.01

df
1
2
2
178

MS
65.91
1.13
4.76
0.31

F
215.22
3.69
15.55

p
<0.01
0.03
<0.01

A N O V A 515N
Site
Season
Site x Season
Error
T u k e y ' s post-hoc
Site

Season

SS
1302.07
204.90
49.97
682.07

SS
65.91
2.26

9.52
54.51

comparisons: all HSD <0.05
Kingston Basin > Bay of Quinte
5"C
15
5 N
Kingston Basin > Bay of Quinte
513C
815N

Bay of Quinte: Fall > Summer > Spring
Kingston BasirL: Fall > Summer > Spring
Bay of Quinte: Fall > Summer > Spring
Kingston Basini: Spring > (Summer = Fall)
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Table 2.5. Estimated trophic position of Round Goby calculated using volumetric contribution of prey items to stomach contents
(SC)(Vander Zanden et al. 1997) and stable nitrogen (815N) isotopes (Cabana and Rasmussen 1996) in the Bay of Quinte and
Kingston Basin, Lake Ontario.

Season
Summer 2009

Size Class
59-79mm
81-126mm

Spring 2010

35-80mm
81-120mm

Summer 2010

42-80mm
81-104mm

Fall 2010

59-80mm
81-117mm

Method
SC
515N
SC
5nN

Bay of Quinte
n
Trophic Position
27
3.05
22
3.13±0.02
18
3.00
18
3.09±0.03

Kin£;ston Basin
n
Trophic Position
3.24
5
6
3.22±0.03
3.02
14
8
3.09±0.04

SC
513N
SC
8!SN

18
19
8
10

3.13
2.94±0.03
3.02
3.05±0.03

27
9
25
15

3.60
3.45±0.01
3.14
3.40±0.02

SC
513N
SC
813N

10
11
6
7

3.00
2.88±0.04
3.01
2.99±0.06

6
11
24
18

3.00
3.37±0.04
3.00
3.35±0.03

SC
515N
SC
5°N

9
12
14
14

3.32
3.19±0.06
3.02
3.25±0.05

16
18
7
7

3.28
3.31±0.03
3.24
3.32±0.05
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Table 2.6. Proportional contribution of prey items using Bayesian mixing model, MixSIR (Semmens and Moore 2008) for Round
Gobies from the Bay of Quinte and Kingston Basin.

Summer
2009
Prey Item
Dreissenidae
Chironomidae
Trichoptera
Odonata
Amphipoda
Ephemeroptera
Cladocera
Mixed
Zooplankton

Bay of Quinte
Spring
Summer
2010
2010

Fall 2010

Summer
2009
<0.01-0.11
<0.01-0.03
<0.01-0.02
<0.01-0.02
0.83-0.88
<0.01-0.04
<0.01-0.06

0.01-0.07
0.62-0.72
<0.01-0.13
0.02-0.12
<0.01-0.06

<0.01-0.22
0.18-0.33
<0.01-0.19
<0.01-0.22
<0.01-0.37

<0.01-0.39
0.12-0.36
<0.01-0.33
<0.01-0.45
<0.01-0.47

0.04-0.28
0.47-0.58
0.03-0.16
<0.01-0.05
<0.01-0.02

<0.01-0.06
<0.01-0.14

<0.01-0.33
<0.01-0.17

<0.01-0.32
<0.01-0.29

<0.01-0.01
<0.01-0.09
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Kingston Basin
Spring 2010
Summer
2010
<0.01-0.04
<0.01-0.05
<0.01-0.04
<0.01-0.86
0.45-0.76
<0.01-0.07
0.20-0.43

<0.01-0.04
<0.01-0.12
<0.01-0.15
<0.01-0.04
<0.01-0.07
<0.01-0.21
0.69-0.88

Fall 2010

<0.01-0.10
<0.01-0.18
<0.01-0.14
<0.01-0.20
0.47-0.82
<0.01-0.14
<0.01-0.29

Number of Prey Items

Number of Prey Items

• •

-0
-J

Number of Prey Items

Number of Prey Items
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Appendix Table 2.1. Volumetric composition of stomach contents for Round Goby in the Bay of
Quinte and Kingston Basin, Lake Ontario. Sample sizes are provided in Table 2.5.

Prey Item
Dreissenidae
Gastropoda
Trichoptera
Chironomidae
Odonata
Ephemeroptera
Coleoptera
Amphipoda
Copepoda
Cladocera
Unknown

Bay of Quinte
Summer 2009
Spring 2010
Summer 2010
Fall 2010
<80mm >80mm <80mm >80mm <80mm >80mm <80mm >80mm
78.27
99.46
68.41
95.62
94.88
97.64
38.57
94.74
0
0.06
0
0
0.8
0
0
0
0
0
0
0
3.46
0
0
0
9.72
0.49
13.75
0
0.08
0.21
5.26
47.79
0
0
0.11
0
0
0
0
4.28
0
0
0
0
0.08
0
0
0
0
0
5
0
0
0.07
0
0
0
0
2.73
2.14
0
0.71
0
0
0
0
0.09
0.07
0
0
0
0
0
0
0.18
0
0
0
0
9.36
12.02
0
9.73
0
0.07
4.16
0
0

Prey Item
Dreissenidae
Bivalvia
Gastropoda
Ostracoda
Trichoptera
Chironomidae
Odonata
Ephemeroptera
Coleoptera
Amphipoda
Copepoda
Cladocera
Water Mite
Lepidoptera
Fish Eggs
Unknown

Kingston Basin
Summer 2009
Spring 2010
Summer 2010
Fall 2010
<80mm >80mm <80mm >80mm <80mm >80mm <80mm >80mm
6.67
91.14
26.48
72.07
94.12
96.98
9.03
8.50
0
1.23
1.52
0
0.56
0
2.06
0
0
0
0
0
0
0.03
2.32
45.00
0
0
0
1
0
0
25.87
0
0
11
0.51
4.47
0
0
0.65
3.44
26.67
6.28
6.54
0
12.32
12.67
0
0
0
0.61
0
4.17
2.91
0
0
0
0.18
0
0
0
0
0
1.74
0
0.28
0
0
0
0
0
0
0
0
2.17
4.56
0
0
3.23
1.4
0
13.33
0
0
0
0
0
1.03
0
0.2
8.89
0.34
0
0
10.32
8.83
0
0
0
0
0.04
0.32
4.17
0.06
0
0
0.51
0
0
0
0
0
0
0
50.68
7.68
0
0
0
0
44.44
3.73
2.50
6.35
6.28
5.88
0.89
33.16
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CHAPTER THREE

VARIATION IN FISH DIET AND FOOD WEB STRUCTURE ACROSS AN
ENVIRONMENTAL GRADIENT OF TEMPERTAURE, NUTRIENTS AND DEPTH WITHIN
A LARGE LAKE

*This manuscript has been co-authored by J.M. Brush, T. B. Johnson and A.T. Fisk
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Introduction
An understanding of food web structure and species interactions is central to ecosystem
management (Welborn et al. 1996; Giller et al. 2004). Static, small- scale observations, variable
observational effort, or an emphasis on specific habitat types may misrepresent the overall food
web structure and trophic interactions within lakes by failing to adequately incorporate the
influence of spatial and temporal variation (Warren 1989; Martinez et al. 1999).
Food-chain length, or the maximum trophic position (MTP) can vary at spatial and
temporal scales and therefore provide an indication of the mechanisms affecting food web
structure (Pauly et al. 1998; Vander Zanden et al. 1999 a, b). Many hypotheses have been
proposed about the determinants and patterns of food web structure and maximum food chain
length such as ecosystem size, productivity, disturbance, and predator-prey interactions (Hairston
et al. 1960; Vander Zanden et al. 1999b; Post and Takimoto 2007). Variation in food chain
length has been positively explained by variables such as lake area, species richness, and
productive space (Vander Zanden et al. 2000). All ecosystems, however, are inherently different
in habitat characteristics, species composition, and resistance to stressors, which is why an
emphasis on quantifying food web structure and interactions at spatial, temporal and ontogenetic
scales is important.
Differences in species interactions and community structure have been observed at
varying spatial scales within and among lakes (Vander Zanden et al. 1999; Vander Zanden et al.
2000; Mclntyre et al. 2006). Spatial differences in habitat characteristics are expected to
influence food web structure (Menge and Olson 1990), as temperature and nutrient levels can
influence feeding behaviour, consumption rates and habitat use by fish (Magnuson et al. 1979),
community structure (Menge and Olson 1990) and relative contribution of different production
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sources (benthic or pelagic) to fish production (Jeppensen et al. 1994; Mclntyre et al. 2006;
Zambrano et al. 2010). For example, fish from low nutrient areas in lakes had higher trophic
positions because of increased reliance on pelagic pathways (Mclntyre et al. 2006; Brush et al.
2011). Since many aquatic habitats differ in environmental characteristics at small habitat scales,
it is important to evaluate spatial and temporal variation in diet, trophic linkages, and food web
structure among habitats that differ in temperature, nutrients and depth (Menge and Olson 1990;
Jeppensen et al. 1994; Magnuson et al. 1997; Vander Zanden et al. 2000; Zambrano et al. 2010).
Temporal dynamics in diet and trophic relationships are also important considerations for
the influence on food web interactions, as these may represent a shift in predator-prey
interactions or prey availability. These can be regulated by seasonal abundances of prey and the
ability of predators to track components of their environment (Zohary et al. 1994), or abiotic
environmental factors, which have important consequences for species interactions and food web
structure (Polis et al. 1996). Many changes to aquatic ecosystems have occurred due to
ecological disturbances, such as species invasions, which have reduced food chain length and
altered community structure (Jenkins et al. 1992; Vander Zanden et al. 1999b; Post and
Takimoto 2007). For example, Vander Zanden et al. (1999a) observed reductions in Lake Trout
(Salvelinus namaycush) trophic position that accompanied Smallmouth Bass (Micropterus
dolomieu) introductions in temperate lakes. As well, human-mediated factors such as pollution,
habitat destruction, and over-fishing can have a regulating influence on food web structure over
time (Pauly et al. 1998; Jackson et al. 2001; Hebert et al. 2006). Over a 45 year period,
reductions in top predator abundance in marine ecosystems due to over-fishing, has been
implicated in the reduction of mean trophic level of landings and a change in aquatic ecosystem
structure (Pauly et al. 1998).
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Beyond environmentally related variation in feeding ecology, fish often undergo sizerelated shifts in diet or trophic position (Polis et al. 1996; Jennings et al. 2001; Post 2003).
Indeed, predictable relationships between size and consumer trophic position are common in fish
(Grey 2001; Mclntyre et al. 2006). However, size is not always a surrogate for trophic position
for fish. For example, because of omnivorous feeding behaviours, the two very dissimilar sized
fish species, Northern Pike (Esox lucius) and Fathead Minnows (Pimephalus promelas), were
found to have similar trophic positions (Beaudoin et al. 2001). Quantifying variation in
individual diet at multiple life stages can lead to a better understanding of natural individual level
variation, as well as provide insights into food web interactions that may change throughout a
species' ontogeny (Olson 1996; Post 2003).
Lake Ontario is a large, deep and productive lake, with important fisheries for Yellow
Perch (Perca flavescens), Walleye (Sander vitreus), Largemouth Bass (Micropterus salmoides),
Lake Trout (Salvelinus namaycush), and other salmonids (Mills et al. 2003; Hoyle et al. 2007).
The lake has been subject to multiple stressors including climatic changes, pollution and invasive
species (Mills et al. 2003), and concerns remain about the health and structure of food webs
(Hebert et al. 2006). Although numerous food web studies have been carried out in deeper Lake
Ontario habitats (Mills et al. 2003; Hoyle et al. 2007), there remains a lack of understanding of
how food webs vary with season and across space in shallow near-shore habitats.
The objective of this study was to examine how fish diet and food web structure of fishes
differed with season, and within two nearshore locations in eastern Lake Ontario. Both the Bay
of Quinte and Kingston Basin have similar fish species composition, however, are very different
in temperature, nutrient levels, depth, and benthic invertebrate community composition (Bailey
et al. 1999; Taraborelli et al. 2009) .We hypothesize that fish species in the warmer, more
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productive Bay of Quinte will have broader diets associated with elevated primary productivity,
and lower trophic positions compared to their counterparts in the cooler, less productive and
more pelagically influenced Kingston Basin (Mclntyre et al. 2006). As a disturbed area and Area
of Concern, we hypothesize that the Bay of Quinte will have a shorter food chain length
associated with its degraded ecological status. Within the Bay of Quinte and Kingston Basin,
dietary composition, food web structure, carbon source and trophic position were compared
using stable isotopes of carbon (5 C) and nitrogen (5 N) and stomach contents for the native
fish species Yellow Perch (Perca flavescens), Largemouth Bass (Micropterus salmoides),
Walleye {Sander vitreus) and the non-native fish species Round Goby (Neogobius
melanostomus) and Alewife (Alosa pseudoharengus). Benthic soft-bodied invertebrates and
pelagic zooplankton species (Cladocera and Copepoda) were also analyzed as baseline
organisms for stable isotope analysis.

Methods
Study Site
Fish were collected using a variety of gear types in the near-shore (depth <5 m) from two
sites within the eastern basin of Lake Ontario: 1) the shallower, higher-nutrient, warmer (summer
temperatures 24-28°C) upper Bay of Quinte; and 2) the deeper, lower-nutrient, cooler (summer
temperatures 14-25°C) Kingston Basin. The Bay of Quinte is a z-shaped inlet and is physically
restricted from water exchange with the eastern Basin of Lake Ontario. Physical parameters for
the Bay of Quinte and the Kingston Basin are provided in Appendix Table 3.1. Sampling for all
fish species within both sites took place in summer (July 14-September 9) 2009, and spring (May
25-June 8), summer (July-14-September 9) and fall (September 25-November 15) in 2010.
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Sample Collection
Alewife (Alosa pseudoharengus), Largemouth Bass (Micropterus salmoides), Yellow
Perch (Perca flavescens), Walleye (Sander vitreus), and Round Goby (Neogobius melanostomus)
were collected with graded mesh gillnets (13 - 152 mm monofilament), trap nets, fyke nets, and
beach seines in shallow water (<5 m) habitats in both locations. Gear specifications can be found
in OMNR (2010). Gillnets, trap nets, and fyke nets were set overnight for approximately 16
hours. Soft-bodied invertebrates (which we identify as all non-mollusc taxa), and dreissenid
mussels (Dreissena bugensis) were collected using ponar grab samplers and by physical removal
from rooted macrophytes in the location of fish collections. Benthic invertebrates were sieved
from the ponar grab samplers at 125(am and rinsed to remove debris. Similar taxa were pooled
into broad categories, for example all amphipod species, such as Hyalella azteca, and Gammarus
spp., were pooled into "Amphipoda".
Aggregates of 10-20 individual dreissenid mussels were shucked and byssus threads
removed, and were rinsed in distilled water to remove any sediment or debris. Pelagic
zooplankton species were collected in a 400 ^m mesh zooplankton net, by horizontal tow at
approximately 2 m depth in both locations, and at a speed of lm/s for approximately 10 minutes.
Zooplankton species were sieved at 125 pirn, rinsed to remove algae, and sorted under a
dissection microscope. Major taxa collected included Calanoid copepods, Cyclopoid copepods,
and Cladocerans (Daphnia spp., Bosmina spp., and Bythotrephes longimanus). All samples were
frozen at -80°C until analysis.
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Stomach Content analysis
A total of 731 stomachs were analyzed, spanning three size classes of the five target fish
species (Alewife, Largemouth Bass, Yellow Perch, Walleye and Round Goby). Fish stomachs
were removed from the esophagus to the anus, stored in plastic bags and frozen at -20°C
following collection. The volume of each full stomach was measured using the water
displacement method, and the contents were enumerated. For analysis, each stomach sample was
rinsed with distilled water into a Petri dish, and contents were indentified to the Order or Family
level using a dissection microscope (Voshell 2002). Similar taxa were pooled into broad
categories as in the benthic invertebrate collections. For all stomachs of a given species and sizeclass, contents were averaged to determine the % frequency of occurrence (%0), %volume
(%V), %number (%N) and %index of relative importance (%IRI) (Cortes 1997). Index of
relative importance was calculated as:
IRIX = (%N + %V)*%0

(1).

%IRIX = ((IRIX)/(I(IRI)) * 100

(2).

where IRIX represents the combination of the %N, %V and %0 of a particular prey item x, y, z,
etc., and the %IRIX of a represents the calculated IRI of a prey item, divided by the sum of all IRI
and multiplied by 100 to convert the fraction to a percentage.

Stable Isotope Analysis
Following collection, total and fork length (1 mm), and wet weight (0.01 g), were
determined for all five fish species, spanning young-of-the-year, juvenile, and adult sub-classes.
Additionally, a small (2 g) sample of white muscle was taken anterior to the left dorsal fin for
stable isotope analysis and frozen immediately at -80°C until analysis. Prior to isotope analysis,
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muscle samples were freeze dried for 48 hours, then ground into a fine powder using a mortar
and pestle. No lipid extraction was performed on fish tissues as the muscle C:N ratio fell below
3.5 for all samples (see Post et al. 2007). For each fish, 400-600 pig of tissue was weighed into 5
x 9 mm tin cups. NIST Standard 8414 and an internal fish muscle standard (Tilapia,
Oreochromis niloticus), along with three internal glycine reference standards were analyzed
every 12th sample, to compensate for machine drift and for quantification of 813C, 815N, % C and
%N, and every tenth sample was run in triplicate. Samples and standards were analyzed using a
Delta V IRMS (Thermo Electron Corporation, Waltham, Massachusetts, USA) equipped with an
elemental analyzer (Costech, Santa Clarita, CA, USA) to quantify the ratio of carbon and
nitrogen isotopes. The abundance of carbon and nitrogen isotopes in each sample was expressed
in delta-notation relative to a standard, using the following equation:
5 R (°/oo) = ((RsampleV (RstandardH) X 1 0 0 0

(3).

where R is the ratio 15N/14N or 13C/12C. The standard reference material was Pee Dee Belemnite
carbonate for CO2 and atmospheric nitrogen N2. Precision of analysis for standards were
calculated based on the standard deviation of reference standards, which were 0.05 for 813C and
0.12 for 515N for NIST standard 8414 (n = 207), and 0.12 for 513C and 0.17 for 815N for an
internal laboratory fish muscle standard (n = 214).

Data Analysis
Cumulative prey curves were generated to assess the number of stomachs required to
quantify the diet of all fish species using Primer 6.0 (Primer-E Ltd., Ivybridge, United
Kingdom). As the number of observations (stomachs analyzed) increases, the number of
additional prey items found should increase to an asymptotic number. At this point, increasing
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the number of observations should not improve our ability to quantify additional prey items.
Schoener's similarity index was used to assess dietary overlap between littoral feeding fish
species, with values above 0.70 considered significant (Scrimgeour and Winterbourn 1987).
Similarity Index = 1-0.5 £ (PxrPyi)

(4).

where pXi and pyi represent dietary proportions of all prey items for species x and y. The percent
index of relative importance (%IRI) was converted to a proportion in order to compare dietary
similarity between Yellow Perch, Largemouth Bass, and Round Goby across sites and seasons.
Walleye and Alewife diet were excluded from this analysis because of their pelagic foraging
behaviours.
All stable isotope-related data were analyzed using Systat (Systat Software Inc. 2004).
Data were verified for normality using a Shapiro-Wilk test. Comparisons of mean 813C and 515N
values for each fish species were illustrated on isotopic bi-plots to evaluate relative trophic
positions and carbon sources across site and season. To assess differences in food web structure,
a MANOVA was used to assess variation in consumer 513C and S15N associated with species,
site, and season. Where length was significant, linear regression analysis was used to examine
the relationship between 513C and 815N and size (total length) for Yellow Perch, Largemouth
Bass and Round Goby for all seasons and between locations. Since all Alewife collected were
adults (>100 mm) and Walleye were sub-adults or adults (>150 mm), we did not examine sizestable isotope relationships for these species.
Variation in consumer trophic position among sites and seasons were determined from
trophic position estimates calculated using the equation of Post (2002):
Trophic Position = 2 + (815Nconsumer- (5 15 N basel x a) + (5 15 N base2 x (1- a))/3.4
a = (8

C consumer" 8

Cbase2)/(8 Cbasel" 8

Cbase2)

(5).
(6).
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where the 8 Nconsumer and 8 Consumer represents the 8 N and 8 C value of the individual fish in
question, and the 815NbaSeime and 813Cbasehne represents the 815N and 813C value of the primary
consumer organism, 3.4 represents the diet-tissue standard enrichment factor, and 2 is the trophic
level of the primary consumer. Zooplankton species (Cladocera and Copepoda) were chosen to
represent the pelagic baseline, and benthic invertebrates were collected for the littoral baseline
with an approximate trophic level of 2.0-2.5 (Vander Zanden et al. 1997). To account for
variation in 813C and 815N in consumers, and also variation in the baseline organisms between
locations, trophic position of consumers was used as a metric of food web structure.
Since equal sampling effort was applied for all fish collections, plots of mean ± standard
error (SE) trophic position were compared across sites, seasons and years to examine trends in
trophic position associated with different seasonal abundances of fish species.
An ANCOVA was used to assess variation in trophic position associated with year, site,
season, species and length as a covariate for all species in the summer of 2009 and 2010. Where
significant differences were found between factors, Tukey's post-hoc comparisons were made to
compare among years, sites, and species, with a p-value of <0.05 deemed statistically significant.
A separate ANCOVA was also used to examine spatial, and seasonal, and species-specific
differences in trophic position for resident species in 2010 (Yellow Perch, Largemouth Bass and
Round Goby). Tukey's post-hoc comparisons were used to identify significantly different
comparisons between sites, seasons, and species, with a p-value of <0.05 as significant.

Results
Temperatures were warmer for the Bay of Quinte compared to the Kingston Basin across
all seasons and warmer in 2010 compared to 2009 (Appendix Table 3.1). The summer of 2010
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was warmer and water levels had declined by approximately lm from 2009. Other physical
parameters such as water clarity, macrophyte density and nutrient levels were similar between
years.

Stomach Contents
Of the 731 stomachs analyzed, 139 (19%) were empty. There were a larger number of
piscivore (Walleye and adult Yellow Perch) stomachs empty relative to other species we
examined. Spatial and seasonal stomach content data for all species are presented in Appendix
Table 3.2 as %IRI. Cumulative prey curves indicated that the number of stomach samples
required to quantify an asymptotic number of prey items was variable with site, season, and
species (Appendices 3.1-3.4). We found that a fairly large (>30) number of stomach samples
were required for a given size class within a species to quantify an asymptotic number of prey
items, for all fish species and in all seasons.
Largemouth Bass underwent a shift in diet with increasing size in both locations, with
benthic invertebrates important to small individuals, and the importance of fish as prey
increasing with increasing consumer size. Fish comprised up to 84% of juvenile Largemouth
Bass stomach contents in the Bay of Quinte in the summer, but only up to 22% in the Kingston
Basin. Benthic taxa such as crayfish, and pelagic zooplankton taxa made up the remaining
percentage of the stomach contents, however, their importance varied with site and season.
Overall, the %IRI indicated that dreissenids were the dominant prey item of Round Goby,
and in most instances represented an %IRI >79%. Dreissenids were more important to larger
gobies (> 80mm) compared to small individuals (< 80 mm) which consumed more benthic
invertebrates. Fish eggs were important prey (%IRI >50%) to Round Goby in the spring of 2010
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in the Kingston Basin. Other prey items, such as Amphipoda, Trichoptera, Odonata, Ostracoda,
Ephemeroptera, Cladocera, and Copepoda were found in stomach samples, however, often did
not represent a large contribution to the stomach contents, except for in the fall.
Yellow Perch diet varied across site and season, and underwent shifts with increasing
consumer size. Pelagic zooplankton and benthic invertebrates dominated small (< 100mm)
Yellow Perch diets in both locations, and the importance of fish increased with increasing
Yellow Perch body size. Round Goby were the major fish prey identified in adult Yellow Perch
stomachs, with a higher percentage of Round Goby found in the Kingston Basin. In the spring
and within the Kingston Basin, fish eggs comprised 10% of juvenile Yellow Perch stomach
contents. The importance of other prey items such as crayfish, dreissenids and soft-bodied
benthic invertebrates varied seasonally within both locations.
Alewife and unidentified fish remains comprised 100% of Walleye diet, both spatially
and seasonally. Zooplankton species, (calanoid copepods, and cladocerans (Daphnia and
Bosmindj) were important to Alewife diets, although species composition shifted slightly with
season. There were no significant overlaps in stomach contents for Yellow Perch, Largemouth
Bass and Round Goby across sites and seasons using Schoener's index (all paired comparisons
<0.06), despite consumption of similar benthic invertebrate prey taxa (Appendix Table 3.2 and
3.3).

Stable Isotopes
A MANOVA revealed significant variation with site, season and species for 5 C and
515N, as well as significant interactions for all factors (p < 0.05). Values of 513C and 515N were
consistently lower in fish from the Bay of Quinte compared to the Kingston Basin (Table 3.1 and
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Figure 3.2). Walleye had the highest 5 N in both locations, and Round Goby had the lowest. For
every species, values of 513C generally declined with season (from spring to fall) in both sites,
however values of 5I5N did not show any consistent trend with season (Figure 3.2). Stable
isotope values of benthic invertebrates and zooplankton used as baselines for the trophic position
estimate, varied spatially within the Bay of Quinte and Kingston Basin (Table 3.2). Total length
relationships with isotopic composition were generally non-significant for 8 C, except in a few
cases. Relationships were mostly significant for 515N in Yellow Perch and Largemouth Bass
within the Kingston Basin, and were generally consistent with season (Figure 3.3 and Table 3.5).

Trophic Position
An ANCOVA comparing year, sites and species indicated that trophic position was
higher for 2009 compared to 2010, higher in the Kingston Basin compared to the Bay of Quinte,
and highest for Walleye and lowest for Round Goby (Tukey's HSD p < 0.05) (Table 3.4).
Trophic position was higher in the Kingston Basin compared to the Bay of Quinte, highest in the
fall and lowest in the summer, and similar between Largemouth Bass and Yellow Perch, both of
which were higher than Round Goby (Tukey's HSD p < 0.05). Higher average trophic position
was observed in the Kingston Basin across all seasons, and was sensitive to fluctuations in top
predator abundance (Figure 3.4). Maximum trophic position (MTP) or food chain length of the
entire food web was observed in the Kingston Basin, across season, and especially in the fall,
despite small sample size (n = 1) of the adult Largemouth Bass.
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Discussion
Our assessment of spatial and temporal variation in fish diet and trophic position provide
a measure of ecosystem- based differences in food web structure at fine ecological scales within
aquatic ecosystems. To date, few studies have accounted for variation in diet and trophic position
across seasons, body size, and locations within a single large lake ecosystem (Harvey and
Kitchell 2000; Beaudoin et al. 2001; Mclntyre et al. 2006). Our data provides a comprehensive
analysis of stomach content analysis and stable isotopes for near-shore fishes and an
understanding of spatial, seasonal and size-based variation in diet and trophic position within
eastern Lake Ontario. Although few studies have assessed variation in consumer diet and trophic
position across habitats of large lakes and in near-shore regions, the diet of fish and estimated
food chain length for the eastern Lake Ontario food webs are comparable to other studies on
Ontario and Quebec lakes with five trophic levels (Vander Zanden et al. 1997; Vander Zanden et
al. 1999b).
Trends in trophic position and food web structure obtained using stomach contents were
similar to that observed using stable isotopes. There were clear diet shifts with increasing fish
size and with season for Yellow Perch and Largemouth Bass, which undergo ontogenetic shifts
towards increased consumption offish (Olson et al. 1995; Mittelbach and Persson 1998).
Relationships of 8 C and size were generally non-significant, but were spatially-specific,
indicating that fish generally relied on the same primary production source and fed within the
same food web throughout ontogeny. This is not surprising, given that stable carbon isotopes in
consumer tissues do not undergo significant fractionation with trophic transfer especially if fish
feed from the same food web (Peterson and Fry 1987; Post 2002). In contrast, §15N did increase
with increasing consumer size in Yellow Perch and Largemouth Bass, consistent with an
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increase in the percentage of fish prey in the diet, relative to invertebrate items. Our findings of
significant ontogenetic variation in fish diet and trophic position indicates that body size is an
important consideration for assessments of food web interactions and structure. Many fish
species have been observed to undergo a shift in diet with increasing size (Olson et al. 1995;
Polis et al. 1996; Grey et al. 2001), however in our study, there was considerable intra-specific
variation in diet and omnivory for littoral feeding fishes, which may complicate predictions of
diet based on size alone. Since fish such as Yellow Perch and Largemouth Bass fed on different
items at different life stages, species interactions would be mis-represented had we only focused
on a single life stage and only used one method of diet analysis.
Values of 515N and 813C were higher for the Kingston Basin, suggesting increased
reliance on littoral carbon, compared to a terrestrial influence in the Bay of Quinte (Brush et al.
2011). Trophic positions calculated using 513C and 515N were higher in the Kingston Basin
compared to the Bay of Quinte as expected, given the dramatic differences in habitat
characteristics, fish diet, ecosystem quality and health between the two locations (cf. Warren
1989; Mclntyre et al. 2006).
Our finding that food chain length was shorter in an area with higher primary production
is similar to other studies that did not find positive productivity-food chain relationships (Vander
Zanden et al. 1999b). Higher consumer trophic position and the longer food chain length
observed in the Kingston Basin, has been observed in other open-lake, pelagically- influenced
regions (Mclntyre et al. 2006). Spatial differences in diet, carbon source and trophic position
indicate distinct food web differences between the Bay of Quinte and Kingston Basin. Warm
temperatures, high levels of terrestrial inputs into the Bay of Quinte, result in low water clarity,
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and prominent algal blooms (Taraborelli et al. 2009) which can influence species interactions,
and differences in prey consumption.
Low water clarity and warmer temperatures within the Bay of Quinte can contribute to
consumption of sub-optimal prey items, including the very abundant dreissenid mussels (Cobbs
and Watzin 2002), when forage for alternate items is visually restricted. As an example,
increased consumption of low trophic position dreissenids relative to other preferred prey
resulted in lower trophic positions for Round Goby in the Bay of Quinte compared to the more
oligotrophic Kingston Basin (Brush et al. 2011). In this study, fish from the Kingston Basin
relied more on littoral sources of prey, had a broader diet across all seasons, and higher trophic
positions, which was supported by stomach contents and stable isotope values. There was
seasonal variation in consumer diet and trophic position, with elevated trophic positions in the
fall, which was supported by both stomach contents and stable isotopes. Increased reliance on
littoral prey sources in the fall compared to an increased reliance on items such as zooplankton in
the spring, may influence trophic position differences across season. However without seasonal
prey abundance data, it remains difficult to assign determinants of variation in fish diet and
trophic position among seasons.
Ecological disruptions such as species invasions have been shown to affect species
interactions and have resulted in lower trophic positions for fish, along with a shorter food chain
length (Jenkins et al. 1992; Vander Zanden et al. 1999; Post and Takimoto 2007). Changes in
consumer diet over time are a major driver of changes in food web structure (Vander Zanden et
al. 1999). Both the Bay of Quinte and Kingston Basin have similar species composition and have
been subject to similar environmental changes such as species invasions, although at different
rates and stages, because of the physical restriction between the upper Bay of Quinte and open
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Lake Ontario. For example, dreissenid mussels invaded both locations, but at different rates and
now are more abundant in the Bay of Quinte compared to the rest of the lake (Bailey et al. 1999).
After initial introduction in the eastern basin of Lake Ontario, Round Goby did not fully expand
to the upper Bay of Quinte until five years later (2004) (Taraborelli et al. 2009), therefore the
populations are at very different stages of invasion and their presence can have unique
consequences on the communities they invade.
We observed a higher trophic position for fish in 2010 relative to 2009. Differences in
trophic position between years was not expected, given that consumer trophic position was
similar between pre-and post-zebra mussel invasion in the Bay of Quinte (Bowman 2003),
suggesting that the Bay of Quinte food web was resistant to major changes in nutrient dynamics
and species composition. In our study, both baseline and consumer stable isotopes values were
relatively consistent between years, however stomach content composition differed for most
species with year (with the exception of Walleye and Ale wife). For larger opportunistic
piscivores such as Yellow Perch and Largemouth Bass, we observed increased consumption of
Round Goby (based on stomach contents) in 2010, which have higher 515N than invertebrate
items, and would explain the higher trophic positions.
Within the Great Lakes, the importance of Round Goby to the diet of larger predators has
increased in recent years (Johnson et al. 2005; Taraborelli et al. 2010). Round Goby abundance
in eastern Lake Ontario has not continued to increase since its initial introduction (OMNR 2010)
however increased consumption of Round Goby by Yellow Perch and Largemouth Bass may
reflect reduced abundance of alternate prey (such as invertebrates) due to local depletion of these
items (Raby et al. 2010), or reduced abundance of alternate fish prey due to competition with
Round Goby in the near-shore (Balshine et al. 2005).

95

Changes to near-shore fish community structure and energy transfer have been mediated
by species invasions (most dramatically by dreissenid mussels and Round Goby), which have
accelerated degradation of aquatic habitats and food webs. Removal of energy from the pelagic
zones of lakes by dreissenid mussels has resulted in a re-direction of energy resulting in
benthification of food webs, and has created a favourable environment for benthic feeding fishes
such as the Round Goby (Mills et al. 2003; Zhu et al. 2006).
We observed no significant dietary similarity between littoral foraging fishes using
stomach contents, but in general, dietary overlap could be inferred, given they share similar prey
items. Stable isotopes, however, revealed the potential for resource partitioning for Yellow
Perch, Largemouth Bass and Round Goby. If this is the case, not only could consumption of
Round Goby at larger sizes affect fish condition through potential contaminant-associated effects
(Marentette et al. 2010), but the interaction (competition) with Round Goby at smaller sizes may
affect recruitment and lead to declining population sizes of Yellow Perch and other fish species,
as has been observed since Round Goby introduction into the Great Lakes (OMNR 2010).
Dramatic changes in fish community composition, pollution, species invasions and
changing nutrient regimes all threaten the biological integrity and sustainability of Great Lakes
food webs (Hebert et al. 2006). Environmental changes within aquatic systems have lead to
reduced native piscivore abundance and pose a huge management concern as piscivores are an
important and stabilizing feature of food webs (Post et al. 2000). Declines in Walleye, Yellow
Perch and Lake Whitefish within Lake Ontario have raised concern about the persistence of
associated food webs (Hoyle et al. 2007; OMNR 2010) as reductions in top trophic level
consumers can result in considerable changes in trophic position, food web structure and
ecosystem stability over time (Pauly et al. 1998).
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Seasonal migrations of top predators such as Walleye between the Bay of Quinte and
Kingston Basin (Hoyle et al. 2008) have dynamic consequences for overall food web structure
within eastern Lake Ontario, and emphasize the need to address spatial and seasonal aspects of
species distribution, as well as species interactions. Mean trophic position of both food webs in
the seasonal absence of Walleye, indicates that trophic structure is relatively conserved because
of trophic redundancy between larger individuals. Changes in mean trophic position, however,
provide insights into food web structure changes that may occur with further reductions in this
species, if populations of this species are not carefully managed, and if the degraded habitats it
uses throughout the year are not rehabilitated.
We emphasize a multi-disciplinary ecosystem based approach (Pikitch et al. 2004) to
understanding food web structure and ecological changes within the Great Lakes and within
aquatic ecosystems in general. Effective ecosystem assessments must account for diet and food
web structure at spatial, temporal, and ontogenetic scales as these have important implications
for our understanding of trophic ecology and natural aquatic habitat variation aside from entire
food web level impacts. The application of stomach contents and stable isotope techniques into
fisheries management science provides a promising avenue with which to assess food web
structure, ecosystem quality and health at relevant spatial and temporal scales.
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Figure 3.1. Collection sites of fish and invertebrates in the warm, shallow, and productive Bay of
Quinte and the cooler, deeper, and less productive Kingston Basin, Lake Ontario.
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Figure 3.2. Isotopic bi-plots of 513C and 515N for Walleye, Yellow Perch, Largemouth Bass,
Alewife, Round Goby, and dreissenid mussels from the Bay of Quinte and Kingston Basin, Lake
Ontario collected in the spring (top), summer (middle) and fall (bottom). Points are mean +/- SE.
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Figure 3.3. Relationships of stable carbon (813C) and nitrogen (515N) values with total length
(mm) for Largemouth Bass (A, B), Yellow Perch (C, D) and Round Goby (E, F) in the Bay of
Quinte (black) and Kingston Basin (grey), indicating similar size-stable isotope relationships
with season and trends across locations. Values of 5 C generally did not increase with consumer
size, whereas nitrogen increased with fish total length for Largemouth Bass and Yellow Perch,
but not for Round Goby.
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Table 3.1. Stable carbon (5 C) and nitrogen (5 \N) isotope data (mean +/- SE) for Round Goby,
Alewife, Walleye, Largemouth Bass and Yellow Perch for spring, summer and fall from the Bay
of Quinte and Kingston Basin. Yellow Perch and Largemouth Bass are broken into different size
classes, as they undergo a shift in 513C and 815N with increasing size.
Species

Site

Season

Round
Goby

Bay of
Quinte

Kingston
Basin

Alewife

Bay of
Quinte

n

513C

515N

Trophic
Position

Spring

Size
Range
(mm)
35-120

29

-25.94±0.19

10.93±0.07

2.82±0.02

Summer
Fall

60-104
56-114

58
28

-25.41±0.17
-22.02±0.37

11.17±0.07
11.77+0.13

2.98±0.03
3.54±0.06

Spring

69-108

25

-19.02±0.16

12.77±0.06

3.58±0.05

Summer
Fall
Spring

42-126
65-91
NA

43
25

-18.65±0.20
-17.48±0.36

12.33±0.08
12.43±0.08

3.73±0.05
3.84±0.11

Summer

157191mm
8399mm

17

-27.49±0.42

13.20±0.09

4.24±0.07

7

-28.67±0.16

13.44±0.24

3.85±0.08

150188mm
137178mm
NA
NA

9

-25.25±0.32

13.39±0.09

3.61±0.03

25

-23.02±0.17

12.98±0.07

3.48±0.02

129473mm
234597mm

38

-28.21±0.12

13.95±0.06

4.56±0.02

16

-26.98±0.23

13.60±0.13

4.28±0.02

224657mm
218660mm
NA

10

-22.02±0.46

15.38±0.23

4.18±0.07

14

-21.52±0.51

15.17+0.15

4.12±0.04

Fall

Kingston
Basin

Spring
Summer

Walleye Bay of
Quinte

Fall
Spring
Summer
Fall

Kingston
Basin

Spring
Summer
Fall
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Table 3.1. Continued

Species

Site

Season

Size
Range
(mm)
80-100

n

513C

515N

Trophic
Position

Largemouth
Bass

Bay of
Quinte

Spring

3

-28.19±0.78

13.19±1.02

3.21±0.39

Fall

104-150
49-96
102-185
66-154

4
29
12
6

-26.62±0.06
-26.28±0.49
-26.26±0.48
-25.84±0.74

13.62±0.27
11.16±0.36
13.55±0.34
13.44±0.24

3.53±0.08
2.84±0.14
3.48±0.07
3.57±0.11

Spring

73-97

7

-19.32±0.45

13.86±0.15

3.80±0.14

123
365
47-99
103-145
263-410
65-94
101-160
424

1
1
14
4
10
10
8
1

-18.09
-18.92
-18.81±0.30
-17.53±0.21
-19.28±0.41
-18.70±0.48
-17.09±0.44
-18.78

14.93
16.03
13.35±0.22
14.54±0.25
15.83+0.13
13.37±0.14
14.59±0.19
16.22

4.42
4.54
3.78±0.09
4.40±0.12
4.39±0.11
3.81±0.15
4.57±0.14
4.63

Spring

121-170

7

-26.45±0.19

12.77±0.26

3.30±0.09

Summer
Fall

55-100
142-193
61-100
102-199
200-290

9
44
8
27
16

-27.87±1.06
-29.40±0.15
-25.36±0.60
-27.04±0.29
-26.09±0.38

11.75±0.33
12.88±0.10
11.34+0.15
12.82±0.14
13.26±0.14

2.92±0.07
2.97±0.03
3.01±0.05
3.16±0.06
3.48±0.05

Spring

73-97

6

-19.48±0.33

13.39+0.13

3.63±0.09

101-190
207-317
65-100
103-197
209-285
106-194
203-235

20
17
16
54
17
14
5

-18.92±0.23
-18.18±0.08
-20.26±0.89
-19.33±0.45
-18.15±0.09
-18.13±0.39
-17.95±0.17

14.12±0.16
15.05±0.07
13.21+0.16
13.65+0.11
15.11±0.07
13.96±0.14
14.69±0.15

3.98±0.08
4.44±0.02
3.38±0.25
3.74±0.13
4.46±0.03
4.13±0.12
4.39±0.07

Summer

Kingston
Basin

Summer

Fall

Yellow
Perch

Bay of
Quinte

Kingston
Basin

Summer

Fall
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Table 3.2. Stable isotope data (mean +/- SE; values given if n< 3) of quagga mussel and softbodied benthic invertebrate data for the Bay of Quinte and Kingston Basin. Invertebrate data was
averaged over multiple seasons due to slow turnover time of fish muscle tissue, which represents
an integration of diet over a long time period, and there were no large trends in invertebrate
stable isotope data with season.
Taxa
Littoral
dreissenids
Pelagic
dreissenids
Chironomidae

n
5

Bay of
Quinte
bliC
-23.24 ±0.24

51SN
7.61 ±0.10

4

-27.50 ±0.10

2

-17.32
-24.61

Oligochaeta
Ephemeroptera
Odonata
Trichoptera
Amphipoda
Average Benthic
Invertebrates

0
0
0
1
3
6

Cladocera
(Daphnia spp.)
Copepoda
Mixed
Zooplankton
Average
Zooplankton

2

Bythotrephes
(waterflea)
Seston
Crayfish

0
2
4

2
6
3

n
6

Kingston
Basin
5UC
-22.51 ±0.31

5,3N
7.95 ±0.19

5.59 ± 0.04

8

-27.53 ± 0.22

7.89 ±0.30

5.03
6.97

3

-18.49 ±0.95

6.70 ±0.15

3
5
1
0
8
19

-20.51 ±0.96
-19.95 ±0.61
-19.91

8.56 ±0.95
7.47 ± 0.35
10.10

-19.07 ±0.34
-19.44±0.31

8.21 ± 0.20
7.83±0.23

1

-19.08

10.15

5
2
8

-24.99 ±1.30
-22.21
-22.04
-23.53±1.10

12.01 ±0.54
9.96
10.05
11.28±0.48

4

-24.78 ± 0.28

13.96 ±0.21

3
0

-21.03 ±2.88

9.80 ± 0.44

-26.89
-25.46 ±2.18
-24.20±1.71

10.15
7.50 ± 0.23
7.44±0.68

-31.78
-31.84

7.62
8.57

-29.87
-29.35
-30.71±0.64

11.71
12.50
10.10+1.18

-27.76
-29.69
-29.15 ±0.27
-24.07 ±0.14

7.94
8.19
5.90 ± 0.65
10.04 ± 0.49
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Table 3.3. Results of Analysis of Covariance for Walleye, Yellow Perch, Largemouth Bass,
Alewife and Round Goby to account for variation in trophic position over years, species (with
length as a covariate) and location in the summer of 2009 and 2010 within the Bay of Quinte and
Kingston Basin.
Source
Year
Site
Species
Year x Site
Year x Species
Site x Species
ar x Site x Species
Length
Error

SS
1.42
17.03
2.39
0.09
3.32
7.23
4.72
8.78
101.45

df
1
1
4
1
4
4
4
1
396

MS
1.42
17.03
0.60
0.09
0.83
1.81
1.18
8.78
0.26

F-ratio
5.54
66.48
2.34
0.36
3.24
7.05
4.60
34.28

Tukey's Post-hoc Comparisons
Year
2010 >2009
Site
Kingston Basin > Bay of Quinte
Species
Walleye > Yellow Perch > Largemouth Bass > Alewife >
Round Goby

P
0.02
<0.01
0.06
0.55
0.01
<0.01
<0.01
<0.01

P
0.03
<0.01
<0.01
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Table 3.4. Results of Analysis of Covariance and Tukey's post-hoc comparisons for Yellow
Perch, Largemouth Bass, and Round Goby trophic position in the Bay of Quinte and Kingston
Basin, for 2010 data, across site, season, species and with length as a covariate.
Source
Site
Season
Species
Site x Season
Site x Species
Season x Species
Site x Season x Species
Length
Error

SS
28.58
5.84
2.20
0.03
0.66
2.91
1.74
16.07
111.41

df
1
2
2
2
2
4
4
1
428

MS
28.58
2.92
1.10
0.02
0.33
0.73
0.44
16.07
0.26

Tukey's Post-hoc Comparisons
Site
Kingston Basin > Bay of Quinte
Season
Fall >• Spring >Summer
Species
(Largiemouth Bass: = Yellow Perch) > Round Goby

F-ratio
109.81
11.22
4.23
0.06
1.27
2.80
1.67
61.75

P
<0.01
<0.01
0.02
0.94
0.28
0.03
0.16
<0.01

P
<0.01
0.04
0.01
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Table 3.5. Seasonal relationships between total length and 813C or 515N for Largemouth Bass, Yellow Perch, and Round Goby within
the Bay of Quinte and Kingston Basin.

Species
Largemouth
Bass

Site
Bay of
Quinte

Kingston
Basin

Yellow Perch

Bay of
Quinte

Kingston
Basin

Round Goby

Bay of
Quinte

Kingston
Basin

5nN
R^
0.26

P
0.24

Equation

Y=9.19+0.03*x

Season
Spring

n
7

5 lj C
R*
0.48

Summer
Fall
Spring

30
7
9

0.00
0.17
0.02

0.97
0.41
0.72

0.36
0.02
0.80

<0.01
0.77
<0.01

Summer
Fall
Spring

13
19
7

0.07
0.00
0.45

0.37
0.89
0.10

0.79
0.57
0.27

<0.01
<0.01
0.23

Y=12.61+0.01*x
Y=11.65+0.02*x

Summer
Fall
Spring

24
51
43

0.58
0.05
0.28

<0.01
0.13
<0.01

0.60
0.74
0.69

<0.01
<0.01
<0.01

Y=9.98+0.02*x
Y=10.29+0.01*x
Y=12.75+0.01*x

Summer
Fall
Spring

61
19
30

0.02
0.02
0.03

0.35
0.56
0.38

0.48
0.47
0.35

<0.01
<0.01
0.06

Y=12.05+0.01*x
Y=12.47+0.01*x

Summer
Fall
Spring

18
32
24

0.79
0.13
0.50

<0.01
0.04
<0.01

0.30
0.06
0.38

0.02
0.69
<0.01

Y=9.13+0.02*x

Summer
Fall

29
25

0.02
0.00

0.44
0.88

0.01
<0.01

0.55
0.97

P
0.08

Equation

Y=:-23.68-0.03*x
Y=-19.91+0.01*x

Y==-20.26-0.05 *x
Y=-25.50+0.04*x
Y= -14.04-0.06*x

Y=13.27+0.01*x

Y=14.28-0.02*x
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Appendix 3.1. Cumulative prey curves for Alewife (A) and Walleye (B) measuring the number
of stomach samples required to reach an asymptotic number of prey items over available seasons
in the Bay of Quinte (black) and Kingston Basin (grey).
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Appendix 3.2. Cumulative prey curves for Largemouth Bass measuring the number of stomach
samples required to reach an asymptotic number of prey items over available seasons and size
classes in the Bay of Quinte (C) and the Kingston Basin (D).
117

10

•
•
*

20
30
Number of Stomach Samples

Spring 2010 Small
Spring 2010 Medium
Spring 2010 Large

10

•
0
*

40

0

•
T

o
V

20
30
Number of Stomach Samples

40

20
30
Number of Stomach Samples

Summer 2010 Small
Summer 2010 Medium

40

10

0

•
*

Summer 2010 Small
Summer 2010 Medium

10

20
30
Number of Stomach Samples

Spring 2010 Small
Spring 2010 Medium
Spring 2010 Large

10

20
30
Number of Slomach Samples

Tall 2010 Medium
Fall 2010 Large

0

10

O

20
30
Number of Stomach Samples

Fall 2010 Medium

Appendix 3.3. Cumulative prey curves for Yellow Perch measuring the number of stomach samples required to reach an asymptotic
number of prey items over spring (E,H), summer (F, I), and fall (G, J) for available size classes in the Bay of Quinte (E, F, G) and the
Kingston Basin (H, I, J).
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Appendix 3.4. Cumulative prey curves for Round Goby measuring the number of stomach
samples required to reach an asymptotic number of prey items over spring (K, L), and summer
(M, N) in the Bay of Quinte (K, M) (black) and the Kingston Basin (L, N) (grey).
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Appendix Table 3.1. Physical parameter summary for the upper Bay of Quinte and Kingston
Basin, collected in spring, summer and fall of 2009 and 2010. Temperatures are presented in
mean ± 1 SE (°C).
Bay of Quinte

Kingston Basin

Mean depth (m)*

3.5

24-30

Secchi depth (m)$

<1

>5

Mean summer 2009 temperature*

23.21±0.28

20.71 ±0.20

Mean spring 2010 temperature*

20.00±0.44

14.85±0.37

Mean summer 2010 temperature*

24.30±0.20

21.32±0.40

Mean fall 2010 temperature*

13.40±0.51

14.86±0.36

Total Phosphorus (mg/L)

48

16

Chlorophyll a (mg/L)

15

1.9X

Macrophyte density*

High

Variable

Substrate*

Mud

Mud and rock

*Ridgway et al. 1990
x

s

Holeck et al. 2008

This study

Appendix Table 3.2. Stomach content data (%IRI) for Round Goby, Largemouth Bass and Yellow Perch for summer of 2009, spring,
summer and fall of 2010 from the Bay of Quinte and Kingston Basin.
Species

Site

Season

Round
Goby

Bay of
Quinte

Summer
2009

Size
Range
(mm)
59-79

Benthic
invertebrates

Dreissenidae

27

18.18

70.23

11.59

37-72

18
18

1.44
10.68

98.56
85.24

3.85

82-120
45-80

8
10

1.25
0.91

98.52
97.73

1.35

81-104
57-80

6
9

1.12
25.59

98.88
47.51

87-117

14

2.02

97.98

40.04

21.76

2.83

0.35

17.83
18.21

21.14

57.56

0.90

14.29

79.57
98.06

1.64

99.23
7.08

0.21
26.37

5.23

0.71

81-108
Spring
2010
Summer
2010
Fall
2010

Kingston
Basin

Summer
2009

n

55-77

Zooplankton

0.22
0.23

26.91

82-126
69-80

14
27

81-108
42-80

25
6

Fall

81-107
65-80

24
16

17.53

0.55
49.03

iviv

81-90

7

20.07

73.99

Spring
2010
Summer
2010

Fish
Eggs

Fish

Other

35.37

80.82

1.34
2.74
3.60
1.94

Appendix Table 3.2. Continued
Species

Site

Season

LMB

Bay of
Quinte

Spring
2010
Summer
2010

Kingston
Basin

Yellow
Perch

Bay of
Quinte

Spring
2010
Summer
2010
Fall 2010

Summer
2009
Spring
2010
Summer
2010
Fall 2010

Kingston
Basin

Summer
2009

Size
Range
(mm)
80-100

n

Zooplankton

Benthic
invertebrates

5

6.56

104-150
49-96

6
12

Fish

Other

24.27

35.88

33.29

0.04

61.12
17.92

38.84
10.48

102-185

7

84.85

15.15

68.25

73-97

Dreissenidae

3.35

Fish
Eggs

34.97

103-145

65.03

30.54

22.06

47.40

65-94
101-160

26
3

84.20

1.86
30.50

10.36

3.59
69.50

101-200

30

46.49

48.73

4.60

0.19

<100

5

66.05

17.76

121-170
55-100

7
13
3

142-193
102-199
200-290

18
23
9

80.71

101-200

7

33.88

12.81
1.66
88.69

30.36
1.92
5.31

16.20
66.79*
24.23
11.31

11.94
56.50

8.46
17.61

0.17

19.29
61.86
96.15

7.61
1.92

32.23

28.57

Spring
2010

Summer
2010
Fall 2010
Contents contain crayfish.

209-323
73-97

9
6

5.58
77.38

25.28
22.46

101-190
207-317
65-100

10
17
5

1.74

69.04

103-197
106-194

25
26

1.52
77.78

027

10.20

63.63

5.23
0.16

12.72
99.85

6.29
0.15
9.61

25.25
10.22

11.69
1.69

90.39
60.88
10.32

066
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Appendix Table 3.3. Results of Schoener's Similarity Index of Dietary Overlap between Yellow
Perch and Largemouth Bass with Round Goby (RG), within spring, summer and fall, and within
the Bay of Quinte and Kingston Basin. Values less than 0.70 indicate that dietary overlap is not
significant.

Bay of
Quinte
Spring
2010

Summer
2010

Fall
2010

Kingston
Basin
Spring
2010

Summer
2010

Fall
2010

RG
<80mm
RG
>80mm
RG
<80mm
RG
>80mm

Yellow Perch
< 100mm
>201mm
101200mm
0.04
0.00
0.12
0.04

0.00

0.00
0.00

RG
<80mm
RG
>80mm

RG
<80mm
RG
>80mm
RG
<80mm
RG
>80mm
RG
<80mm
RG
>80mm

0.12

Largemouth Bass
< 100mm
101>201mm
200mm
0.00
0.00
0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.03

0.01

0.03

0.01

Yellow Perch
< 100mm
>201mm
101200mm
0.00
0.00
0.00

Largemouth Bass
< 100mm
101>201mm
200mm
0.00

0.00

0.00

0.04

0.05

0.00

0.05

0.06

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.06

CHAPTER FOUR

CONCLUSIONS: RECOMMENDATIONS FOR A FOOD WEB-BASED APPROACH FOR
STUDY OF LARGE LAKE ECOSYSTEMS
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Conclusion
Community ecology began with Elton (1927), as he emphasized the importance of
quantifying species interactions as important community summaries. Studies thereafter began
exploring patterns of species interactions, as well as recognizing the importance of mechanisms
governing those patterns of species interactions, food web structure and community composition.
Despite its importance, many studies still do not consider the spatial and temporal components of
ecological communities, but identification of methodologies that enable ecologists to address
these aspects can benefit both studies of ecosystem ecology and lead to more effective ecosystem
management.
The overall objective of this research was to understand how fish diet, trophic position,
and food webs vary at spatial and temporal scales within a single lake ecosystem. These studies
provided a more complete understanding of how environmental variables such as temperature,
nutrients and depth can influence fish diet and trophic position, which can then serve as a
measure of ecosystem quality, structure and function. Used with traditional health metrics, this
research demonstrates that stable isotopes and stomach contents could be developed as powerful
tools to be applied to questions of health of species and food webs in large lakes.
Chapter two focused on quantifying Round Goby (Neogobius melanostomus) diet across
spatial and temporal scales. As an invasive species in the Great Lakes, the Round Goby has
dramatically affected aquatic ecosystems through alterations in competition and predation
regimes. Our initial observations of diet using stomach contents were consistent with other
studies on Round Goby, confirming the importance of dreissenid mussels as prey, especially for
larger Round Gobies (Ray and Corkum 1997; French and Jude 2001). Round Goby diets were
shifted towards greater consumption of dreissenids in the summer, but were the most diverse in
the fall and within the Kingston Basin. Trophic position was higher in the Kingston Basin
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compared to the Bay of Quinte, and reflected the consumption of more and different prey items,
which may be possible due to differences in water clarity and macro-invertebrate abundance
between locations (Bailey et al. 1999; Taraborelli et al. 2009; OMNR 2010).
A linear mixing model for stable isotopes, using observed percent volume of stomach
contents and measured stable isotope values for prey, demonstrated that the actual assimilated
diet was different from what was observed using stomach content analysis. The results of my
research indicate that the importance of dreissenids was being over-estimated, likely due to their
large size and long-retention times in the gut relative to other soft-bodied prey (Kionka and
Windell 1972). Stable carbon and nitrogen isotope values adjusted for diet-tissue discrimination
factors, and plotted against potential prey items, indicated that the high %IRI of dreissenids was
again not supported by stable isotopes. This research indicates that while dreissenids remain an
important prey item for Round Gobies, soft-bodied invertebrates likely contribute more to the
diet than originally thought. High population numbers of Round Goby (Taraborelli et al. 2009;
OMNR 2010), competition with native species for prey items (Balshine et al. 2005), rapid local
depletion of soft-bodied prey (Raby et al. 2010), and the potential for consumption of heterospecific eggs (Chotkowski and Marsden 1999; this study) may have negative consequences for
native fish recruitment and overall littoral community structure.
Chapter Three examined spatial and temporal trends in fish diet, trophic position and
food web structure in the Bay of Quinte and Kingston Basin. The Bay of Quinte has been studied
extensively since its classification as an Area of Concern. High nutrient inputs from the
surrounding watershed, high water temperatures, shallow depths, and frequent oxygen depletion
in shallow nearshore zones can mean a stressful ecosystem for fishes. In comparison, the
Kingston Basin is connected to the open lake, is deeper and oligotrophic. Both regions support
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similar nearshore fish communities, and some fish migrate between the two locations. Although
few studies have addressed spatial and temporal aspects of fish diet and trophic position, the diet
and trophic position of this region of Lake Ontario had a food chain length comparable to other
large lakes with five trophic levels (Vander Zanden et al. 1997; Vander Zanden et al. 1999).
Higher trophic positions were found for fish inhabiting the Kingston Basin compared to the Bay
of Quinte. Conspecific fish that forage solely in their respective habitats (Yellow Perch,
Largemouth Bass, and Round Goby) exhibited spatial, temporal and ontogenetic shifts in diet
and trophic position reflecting spatial differences in habitat characteristics and prey abundance,
as well as seasonal shifts in prey abundance.
Both Walleye and Alewife, which migrate between the Bay of Quinte and Kingston
Basin had similar diets and trophic positions across space and time, reflecting the potential for
energy integration between the two habitats (Hoyle et al. 2008). Stomach contents indicated that
Round Goby was an important component of adult Yellow Perch and Largemouth Bass diets,
however, stable isotope analysis revealed that their importance may be over-estimated relative to
other small invertebrates, which were also found in stomachs. Instead, stable isotope analysis
indicated resource overlap between Round Goby, Yellow Perch, and Largemouth Bass,
especially for young-of-the-year and juvenile individuals, which feed on benthic invertebrates
(Olson etal. 1995).

Aquatic Ecosystem Changes
The Great Lakes ecosystem has changed markedly since European colonization.
Environmental changes such as climatic warming, habitat destruction, pollution and invasive
species all pose a considerable threat to aquatic biodiversity and the function of ecological
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communities (Hebert et al. 2006). Over 180 invasive species have been introduced, often
unintentionally via ballast water transfer by trans-oceanic vessels. Regulations on ballast water
have improved, however, approximately 1.8 new species arrive each year (Ricciardi 2006).
Reductions in native piscivore abundance have accompanied environmental changes over
time, and the cause is not often known, however, alterations in competition and predation
regimes of native fishes are probable causes (Bowlby et al. 2007). Large predators such as
Walleye, which integrate energy from pristine and degraded habitats in a manner similar to a
metapopulation, can act as a stabilizing feature of aquatic food webs (Post et al. 2000). Although
climatic changes and invasive species have accelerated losses of biodiversity in recent years, it is
important to recognize that multiple stressors influence ecosystems. With dreissenid mussels and
Round Goby as extreme examples, Great Lakes food webs have sustained changes in species
composition, and nutrient regimes, revealing the potential for Great Lakes to adapt to
environmentally-induced changes (Bowman 2003).

Lake Ontario
Warm water fishes have declined in Lake Ontario (Mills et al. 2003; OMNR 2010). In
particular, Yellow Perch and Walleye have declined since 2002 (Bowlby et al. 2007; Hoyle et al.
2007; OMNR 2010). Reduction in year-class strength due to competition for resources in youngof-the-year fish may lead to decreased survival. Our study revealed resource overlap for young
Yellow Perch, Largemouth Bass, and Round Goby in littoral environments, which may
contribute to declining condition and recruitment over time.
Round Goby has become an important component of Great Lakes food webs. Acting as a
predator, competitor and prey item, this small fish has the potential to have a significant impact
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on individual species and entire food webs (Balshine et al. 2005; Johnson et al. 2005). A
retrospective analysis of native fish diet, trophic position and food web structure prior to Round
Goby establishment within Lake Ontario can help to quantify how food webs have been
restructured. Walleye had a lower trophic position in the Bay of Quinte compared to the
Kingston Basin, indicating that the flow of energy to top predators differs and the potential for
omnivory related to invasive species such as the Round Goby is higher in the Bay of Quinte,
leading to a reduced food chain length (Post and Takimoto 2007).

Traditional Health Metrics
Fisheries assessments such as catch-per-unit-effort, relative weight, and Fulton's K can
provide useful tools for assessing changes in fish condition, however, we found no difference in
fish condition between locations that clearly differ in their level of ecological stress and
environmental quality. Morphological condition indices may not provide the best measure of a
change in diet or physiology (Rennie and Verdon 2008). Our study indicated that trophic
position and maximum food chain length, which are sensitive to species diversity and dietary
changes, may provide a better indication of individual-level and entire food web changes over
time.

Towards an Ecosystem Approach
In all aquatic ecosystems, and especially within the Great Lakes, species-based
management has shifted towards a more holistic food web approach (Pikitch et al. 2004). This
study provides the basis to assess environmentally-induced changes in diet, trophic position, food
web structure and function at spatial and temporal scales within and among aquatic ecosystems.
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Studies such as this, which account for variation in diet, and trophic position of individuals, but
also variation in the entire structure and trophic interactions occurring throughout the food web,
can help to identify what changes are occurring and at what level management actions need to be
implemented (spatial, temporal, ontogenetic). The application of tools like stomach contents,
stable isotopes and even fatty acids to management questions can lead to a better understanding
of individual variation in diet and trophic position aside from entire food web impacts.
To address seasonal changes in predator diet with season, stable isotope and stomach
content data of consumers should be coupled with information on spatial and temporal variation
in prey abundance. To investigate differences between prey ingestion and assimilation,
laboratory studies should be coupled with field data, in order to understand how habitat
characteristics such as temperature may influence digestion rates and retention times of prey
items, as well as to investigate how diet-tissue fractionation factors may differ for different prey
items or under different thermal regimes. Retrospective analysis of food web structure and
species-specific diets can help to understand how environmentally-induced changes such as
species introductions, have restructured food webs. Future studies should focus on spatial and
temporal aspects of food webs regardless of their location, as habitat characteristics and
environmental impacts can vary widely within and among ecosystems, and can have unique
implications for community composition and structure.
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